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INTRODUCTION 

The  U.S.  Army  Engineer  Topographic  Laboratories  (USAETL) , 

Fort  Belvoir,  Virginia,  has  developed  an  extensive,  interactive 
digital  image  processing  facility  to  efficiently  conduct  research  in 
areas  such  as  military  intelligence,  digital  product  generation  for 
weapon  systems,  and  digital  mapping.  The  facility  is  called  the 
Digital  Image  Analysis  Laboratory  (DIAL) , and  it  began  to  evolve  from 
a general  purpose  computer-oriented  system  approximately  4 years 
ago.  It  is  supported  by  the  Defense  Mapping  Agency  (DMA),  the  Corp 
of  Engineers,  and  DARCOM's  Army  Space  Program  Office  (ASPO) . 

The  research  effort  in  digital  image  processing  began  in  a 
modern  computer  environment  6 years  ago.  As  experience  was  gained, 
it  became  apparent  that  it  was  impractical  to  produce  digital  pro- 
ducts in  this  environment  because  of  the  computer's  inefficiency  re- 
lative to  existing  production  equipment  using  electro-optical  tech- 
nology. A classic  example  of  this  in  the  mapping  sciences  is  seen  in 
the  development  of  stereocompilation  equipment  during  the  past  20 
years  where  the  computer  is  never  used  to  perform  the  basic  correla- 
tion function.  Therefore,  it  was  necessary  to  create  a digital  sys- 
tem which  would  at  least  indicate  its  competitive  qualities  relative 
to  current  production  systems,  and  it  placed  the  research  on  a higher 
plane  as  opposed  to  simply  testing  algorithms  on  general  purpose 
computers . 

Data  volume  is  a characteristic  of  digital  image  processing 
and  it  significantly  impacts  the  resources  of  conventional  computer 
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systems  by  locking  out  other  tasks  in  a multiprocessing  computer 
environment.  We  wish  to  use  this  characteristic  to  distinguish  be- 
tween digital  image  processing  and  computer  graphics  where,  generally 
speaking,  the  former  implies  at  least  six  times  as  much  data  is 
being  manipulated  as  compared  to  applications  involving  computer 
graphics.  At  least  64  grey  levels  are  represented  on  a good  quality 
photograph  which  requires  six  bits  to  digitally  represent  a spot 
(pixel)  while  graphics  generally  require  only  one  bit  to  represent 
lines. 


These  adverse  consequences  upon  conventional  computer  systems 
drive  digital  image  processing  research  in  three  directions.  One 
lies  in  the  area  of  efficient  algorithm  development,  such  as  the 
Fast  Fourier  Transform  (FFT).  Another  is  in  the  direction  of  effi-  * 
cient  system  software  development  where  lack  of  concern  has  caused 
execution  times  of  up  to  ten  times  longer  for  the  same  algorithm  on 
systems  with  similar  hardware.  Finally,  digital  image  processing 
spurs  research  in  digital  architecture  which  includes  display  tech- 
nology. As  we  describe  DIAL  and  various  applications  in  this  paper, 
we  see  that  all  three  areas  have  been  considered  in  the  system 
development. 

HARDWARE 

We  will  not  elaborate  in  detail  about  the  hardware  since  much 
of  it  involves  standard  computer  components.  However,  we  will  point' 
out  those  nonstandard  hardware  items  which  were  acquired  to  build  the 
interactive  system.  This  comment  implies  that  the  software  and  hard- 
ware together  make  up  a system  which  is  not  commercially  available 
through  the  standard  computer  manufacturer  and  that  there  are  no 
similarities  between  this  software  system  and  commercially  available 
interactive  graphics  software  packages. 

Figure  1 is  a block  diagram  of  the  DIAL  system.  It  consists 
of  three  subsystems:  the  host  control  processor  (CDC-6400) , the 
associative  array  processor  (STARAN) , and  the  image  sof tcopy/hardcopy/ 
digitizing  subsystem  (COHTAL  8300,  DICOMED  D-56,  D-47,  D-36; 

PDP-11/50)  [1].  Each  subsystem  operates  either  as  a stand-alone  or 
together  with  other  subsystems  as  an  entire  system.  Digital  inter- 
active image  processing  goes  on  concurrently  with  testing  and  soft- 
ware development  on  the  host  processor.  Imagery  can  be  passed  from 
one  subsystem  to  another  via  commands  from  the  Tektronix  terminals 
whereby  processing  might  take  place  in  STARAN  and  the  results  viewed 
on  the  softcopy  system  in  a matter  of  seconds. 
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CDC-3400  PROCESS  CONTROLLER  SYSTEM 


IMAGE  DISPIAY  SYSTEM 


IMAGE  PAOCESSING  (STAAANI  SYSTEM 


Figure  1.  DIAL'S  THREE  SUBSYSTEMS 


STARAN.  Developed  and  built  by  Goodyear  Aerospace  Corpora- 
tion, Akron,  Ohio,  the  STARAN  represents  one  of  the  aforementioned 
nonstandard  hardware  components  of  the  interactive  system.  It  is 
the  parallel  processing  part  of  the  system  and  only  those  image  pro- 
cessing functions  which  can  be  executed  faster  using  its  digital, 
parallel  architecture,  are  transmitted  to  it  for  processing.  All 
applications  implemented  on  STARAN  have  required  a considerable  re- 
thinking of  the  problem  in  order  to  take  full  advantage  of  its  archi- 
tecture, which  is  unique  among  all  digital  processing  systems. 
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We  will  discuss  only  the  characteristics  of  the  arrays  of 
STARAN  in  this  paper.  Additional  information  can  be  found  in  [2]. 
There  are  four  arrays  in  the  STARAN  interfaced  to  the  interactive 
system.  Each  of  the  four  arrays  is  composed  of  256  words,  each 
having  256  bits  for  a total  of  1,024  words  and  262,144  bits.  Each 
array  contains  256  simple  processing  elements.  Therefore,  1,024 
processing  elements  are  available  to  perform  an  operation  simulta- 
neously. Further,  each  processing  element  acts  on  an  independent 
data  stream,  thereby  offering  the  theoretical  possibility  of  acting 
simultaneously  on  1,024  independent  data  streams.  Thus  far,  Input/ 
Output  restrictions  have  kept  us  from  taking  full  advantage  of  this 
very  large  processing  bandwidth.  A simplified  diagram  of  one  array 
is  shown  in  Figure  2.  The  arithmetic  operations  are  bit  serial  but 
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Figure  2.  Associative  array 


word  parallel  — architecturally  the  inverse  of  conventional 
computers. 

Another  unique  feature  of  the  array  is  its  content-addressed 
(associative)  memory.  This  allows  identity  of  all  elements  meeting  a 
certain  criteria  in  a single  memory  access  whereas  the  conventional 
computer  searches  its  data  file  one  element  at  a time.  This  feature 
will  find  widespread  use  in  data  base  management  and  lead  to  a logi- 
cal structure  of  data  not  now  utilized  in  commercially  available  data 
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management  software  packages.  As  a matter-of-fact,  we  are  investi- 
gating a relational  data  structure  as  opposed  to  the  network  and 
hierarchical  structures  prevalent  in  current  data  management  systems. 

The  relational  structure  is  suited  to  associative  memories  and  it 
also  more  nearly  represents  the  way  people  usually  structure  data; 
namely,  as  flat  files  like  in  telephone  directories. 

CHANNEL  COUPLERS.  These  hardware  devices  represent  other  non-  1 

standard  computer  components  and  were  procured  to  interface  the  host 
processor,  which  is  the  Control  Data  Corporation  (CDC)-6400  computer, 
to  the  STARAN  and  image  display  subsystem.  The  channel  coupler 
permits  up  to  four  digital  image  formats  to  be  programmed  and  these 
formats  are  transferred  across  these  channels  at  approximately  4.8 
megabits /second.  However,  because  of  system  software  overhead,  the. 

effective  rates  are  approximately  2.5  megabits /second.  These  I 

channel  couplers  were  built  by  the  Digital  Equipment  Corporation  \ 

(DEC)  and  detailed  information  concerning  them  is  available  else-  j 

where  [3].  1 

PDP-11/50  COMPUTER.  The  PDP-11/50  provides  the  interface  , 

between  the  image  display  subsystem  and  the  CDC-6400  computer 
through  the  channel  coupler.  In  addition  to  serving  as  this  inter- 
face, it  is  used  as  the  real-time  controller  for  all  devices 
connected  to  it.  It  also  allows  local  processing  of  imagery  as 
opposed  to  performing  operations  on  the  CDC-6400  computer  or  STARAN. 

Operations  such  as  grey-scale  remapping  and  pseudocolor  encoding  are 
performed  "locally"  since  these  kinds  of  image  processing  operations 
do  not  require  the  power  of  the  other  computers. 

Many  of  these  simpler  operations  can  occur  concurrently  with 
processing  on  the  CDC-6400  or  STARAN.  For  example,  while  the 
PDP-11/50  is  remapping  grey  shades,  the  CDC-6400  can  be  pseudocolor- 
encoding grey  shade  data  stored  in  the  display  system. 

DIGITAL  IMAGE  DISPLAYS.  The  Image  display  units  consist  of 
two  COMTAL  8300-SE  systems  featuring  refresh  storage  of  three  512  x 
512  1-bit  graphic  overlays  in  each  system.  We  will  see  the  graphics 
capability  in  the  photos  reproduced  later  in  this  paper.  The  reader 
should  keep  in  mind  that  these  displays  are  high  resolution  and  are 
much  more  expensive  than  the  home  television  variety.  High  resolu- 
tion is  a necessary  factor  if  serious  photo  interpretation  for 
military  intelligence  operations  is  to  take  place  in  a digital  en- 
vironment as  compared  to  work  at  the  conventional  light  table. 

In  concluding  this  section  on  hardware,  we  must  state  that  the 
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characteristics  of  each  of  the  subsystems  have  been  presented  in  only 
very  general  terms  and  only  very  briefly.  We  have  not  said  much 
about  the  CDC-6400  computer  itself,  but  let  it  suffice  to  say  that 
it  acts  as  the  controller  for  the  interactive  system  and  that  it  has 
some  features  which  are  well  suited  to  digital  image  processing. 

All  told,  five  different  computers  make  up  the  interactive  system. 
Although  each  of  these  computers  is  not  explicitly  mentioned  in  this 
paper,  they  make  up  parts  of  the  larger  computers.  For  example,  the 
CDC-6400  has  eight  peripheral  processing  units  (PPUs)  which  are  12- 
bit,  4,096-word  minicomputers.  These  control  all  the  peripheral 
hardware  and  much  of  the  operating  system  software.  Two  of  these 
PPUs  are  dedicated  to  nonstandard  use  in  that  one  is  used  for  inter- 
facing STARAN  to  the  system  and  the  other  for  interfacing  the 
PDP-11/50.  These  two  units  are  used  to  accomplish  all  the  control 
and  data  transfers  between  the  subsystems.  The  other  computer  not 
previously  mentioned  is  a PDP-11/20  used  to  control  the  internal 
operation  of  STARAN.  Therefore,  the  PDP-11/50,  PDP-11/20,  PPU, 
CDC-6400  and  STARAN  make  up  the  five  different  computers  used  in  the 
development  of  the  digital  interactive  system.  Needless  to  say,  a 
very  sophisticated  system  software  development  program  was  undertaken 
to  make  the  interactive  system  operational. 

SOFTWARE 

Two  bodies  of  software  were  developed  for  use  by  non-system 
personnel.  It  is  via  these  software  systems  that  users  and  appli- 
cations personnel  develop  their  programs  to  perform  intelligence  and 
mapping  functions.  Relieving  these  people  from  system  software  con- 
cerns should  speed  research  in  digital  image  processing.  The  two 
bodies  of  software  are  called  the  Menu  system  and  the  FORTRAN  inter- 
face system. 

MENU  SOFTWARE.  This  is  referred  to  as  control  software  since 
it  provides  the  user  a capability  for  exercising  the  computer  system, 
processing  functions,  and  hardware  peripherals.  It  is  designed  to 
be  a tool  since  it  is  highly  user-oriented  and,  as  such,  it  has  been 
tailored  to  the  needs  of  the  user  who  has  customarily  utilized  light 
tables  and  microscopes  for  the  extraction  of  information  from  photo- 
graphy. With  MENU  software,  the  non-computer-oriented  is  led 
through  such  image  processing  operations  as  search,  scale,  rotate, 
translate,  generate  subimage,  reformat,  remap  grey  levels,  etc. 

Some  of  the  display  operations  include  display  entire  image  or  sub- 
image, erase  screen,  save  image,  edit  images,  etc.  Generally 
speaking,  many  application  programs  exist  within  the  MENU  system. 
There  are  approximately  80  different  operations  in  this  system  and  it 
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is  designed  to  assist  a photo  interpreter  in  making  decisions  * 

quickly  and  accurately. 

FORTRAN  INTERFACE  SOFTWARE.  This  body  of  software  allows  the 
user  to  access  his  own  FORTRAN  programs  using  system  routines  for 
input/output  and  to  execute  them  from  the  Tektronix  terminal.  It 
also  allows  communication  with  the  STARAN  via  FORTRAN  — callable, 

routines  in  addition  to  allowing  use  of  the  Tektronix  and  COMTAL  dis-  ’ 

plays  via  FORTRAN-like  statements.  Not  much  else  will  be  said  of 

this  software  other  than  to  emphasize  the  fact  that  implementation 

of  digital  image  processing  applications  can  be  accomplished  quickly 

since  the  system  software  handles  all  the  data  management  thereby 

relieving  the  researcher  of  this  burden.  He  is  free  to  quickly  de-  ^ 

velop  applications  in  this  FORTRAN  environment  and  speed  up  the  re- 
search in  digital  image  processing.  ' ( 

APPLICATIONS  j 

I 

We  will  present  results  of  several  functions  which  a photo 
interpreter  performs  in  carrying  out  military  intelligence  opera-  j 

tions  along  with  a few  simple  mapping  functions.  These  results  were 
obtained  by  writing  application  software  using  the  FORTRAN  interface 
software  system. 

All  of  the  following  photographs  were  taken  on  the  face  of  the 
COMTAL  displays  using  a polaroid  camera  and  do  not  reflect  the  true 
resolution  of  these  displays. 

* 

Military  Intelligence-Scroll/Magnify/Mensurate/Target . These  func- 
tions are  depicted  in  several  of  the  following  photographs.  However, 
they  were  performed  on  the  same  image  as  the  image  was  being  scrolled 
on  the  displays  by  the  photo  interpreter.  It  indicates  the  multi- 
function capability  of  the  system  under  operator  control. 

Scrolling  is  an  important  data  handling  function  since  it 
allows  a photo  interpreter  to  quickly  scan  a large  image  at  reduced 
resolution  and  pick  out  areas  for  closer  investigation  at  full 
resolution.  The  technique  is  analogous  to  moving  map  displays  ex- 
cept here  we  are  moving  a digital  photograph  and  much  more  data.  For 
example,  Figure  3 is  a reduced  resolution  photo  of  a 2,048  x 2,048 
pixel,  8 bits  per  pixel  image  stored  in  the  interactive  system  data 
base.  It  contains  approximately  32  million  bits  of  information  and 
not  all  of  this  data  can  be  displayed  on  the  COMTAL  screens  because 
they  are  limited  to  512  x 512  pixels,  8 bits  per  pixel.  Therefore, 
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the  scrolling  operation  requires  that  not  more  than  every  fourth 
pixel  be  fetched  from  the  data  base,  a line  at  a time,  and  moved  to 
the  COMTAL  displays.  The  software  required  for  this  seemingly 
simple  operation  is  complicated  if  it  is  to  be  made  efficient  and  a 
simple,  hrute-force  approach  only  slows  the  process  and  defeats  the 
objectives  of  an  efficient  interactive  system.  Efficient  scrolling 
requires  indepth  system  knowledge  of  the  CDC-6400  controller, 
channel  coupler,  PDP-11/50,  and  the  COMTAL  display  system. 

The  rectangle  superimposed  on  the  reduced  resolution  image  of 
Figure  3 indicates  the  fast  graphics  capability  of  the  system  and 
here  it  is  used  to  indicate  the  area  which  is  being  scrolled  at  full 
resolution  on  th.e  second  COMTAL  display.  Figure  4 is  a portion  of 
this  area  within  the  rectangle  whereby  the  interpreter  stopped  the 
scroll  and  began  other  operations.  In  this  case,  he  wishes  to 


Figure  4.  Scroll/Magnify/Mensurate 
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extract  additional  information  about  a fighter  plane  parked  on  the 
runway.  Figure  4 is  a four-time,  digital  enlargement  of  the  air- 
plane, and  it  is  accomplished  using  a bilinear  interpolation  proces 
whereby  a pixel  and  its  neighbors  are  used  to  create  additional 
pixels. 


Mensuration  is  also  depicted  in  Figure  4 in  which  the  inter- 
preter measures  the  body  length  and  wing/body  angle.  This  is 
accomplished  by  successively  placing  the  cursor  at  both  ends  of  the 
body  and  the  length  is  computed  almost  instantaneously  using  para- 
meters of  the  photo  such  as  its  scale.  Similarly,  the  angle 
between  the  wing  and  the  body  is  computed  by  placing  the  cursor  in 
three  successive  positions  and  the  result  is  produced  as  quickly  as 
the  length  mensuration.  Both  length  and  angle  are  displayed  on  the 
COMTAL  screen  and  these  results  can  be  saved  by  assigning  a new 
name  to  the  image  and  stored  back  into  the  digital  data  base. 


the  same  image  is 


Figure  5.  Scroll/Magnify/Target 


used  by  the  interpreter  but  now  he  wishes  to  obtain  its  Universal 
Transverse  Mercator  (UTM)  grid  coordinates.  This  is  a valid,  world 
geodetic  coordinate  system,  and  it  requires  preliminary  preparation 
of  the  digital  photograph  in  order  to  place  it  into  this  system. 

We  will  not  discuss  this  process  since  it  is  complex  and  lengthy. 
Let  it  suffice  to  say  that  once  the  data  base  is  prepared,  target 
coordinates  are  obtained  as  quickly  as  mensuration  results.  The 
results  of  a targeting  exercise  is  shown  in  Figure  5 and  the  UTM 
zone  number,  Northing  and  Easting  and  image  name  are  shown  on  this 
photo  again  using  the  fast  graphics  capability  of  the  COMTAL  system 
The  coordinates  are  relative  to  the  center  of  the  circle  where  the 
operator  placed  the  cursor. 


Once  these  operations  are  completed  to  the  satisfaction  of 
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the  interpreter,  he  can  continue  the  scroll  until  the  entire  area 
within  the  rectangle  has  been  searched  at  full  resolution.  Of 
course,  there  are  numerous  other  functions  which  he  can  perform  such 
as  grey-scale  remapping  as  the  scroll  continues;  that  is,  he  can 
digitally  change  the  contrast  of  the  photo  under  cursor  control  con- 
currently with  the  scroll.  This  operation  requires  that  hoth  the 
PDP-11/50  and  CDC-6400  work  concurrently  and  in  real  time. 

Military  Intelligence-Digital  Filtering.  Many  times  a photo  inter- 
preter is  confronted  with  suboptimal  photography  thereby  hindering 
the  interpretation  process.  Such  is  the  case  depicted  in  Figure  6, 
and  Figure  7 represents  the  digitally  filtered  image.  The  original 


Figure  6.  Original  Figure  7.  Filtered 


image  took  on  a half-tone  appearance  in  the  printing  process  which 
masks  out  details  such  as  the  separation  between  vehicles  in  parking 
lots.  These  figures  are  digital  enlargements  of  the  pre-  and  post- 
filtering operation  and  were  digitally  extracted  from  their  larger 
counterparts. 

The  original  enlarged  image  is  512  x 512  pixels  by  8 bits 
per  pixel,  and  It  was  passed  through  the  Fast  Fourier  Transform  (FFT) 
software  package  residing  in  the  parallel  processor  side  of  the 
interactive  system.  The  FFT  is  one  of  those  algorithms  which  is 
amenable  to  being  executed  in  parallel,  and  the  STARAN  performs  this 
operation  approximately  ten  times  faster  than  the  sequential  pro- 
cessor. It  is  clear  that  the  filtering  process  removed  the  half- 
tone appearance  and  that  it  provides  a better  chance  of  interpreting 
the  contents  of  the  photo. 
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Mapping  Functions  — Profiling  Contouring.  Line-of-sight  problems 
are  commonplace  in  a field  army  environment.  Figure  8 represents 
discrete  elevation  data  encoded  with  grey  shades,  and  the  profile 
between  the  points  connected  by  the  line  is  shown  in  Figure  9.  In 


Figure  8.  Gray-Shaded  Figure  9.  Profile 

Elevations 

order  to  produce  the  effect  shown  in  Figure  8,  250,000  elevation 
points  were  selected  from  a section  of  a topographic  map  and  grey- 
shade  values  assigned  to  them.  The  lowest  elevation  was  assigned 
black,  the  highest  value  was  assigned  white,  and  several  other  grey 
values  were  assigned  to  those  in  between  elevations,  thereby 
resulting  in  pseudo  three-dimensional  representation  of  the  terrain. 

Application  software  was  written  to  allow  the  operator  to 
select  the  end  points  of  a desired  profile  by  using  the  cursor.  That 
profile  is  then  output  on  a hardcopy  device  at  the  operator's 
terminal.  The  profile  shown  in  Figure  9 indicates  that  an  observer 
is  not  able  to  see  from  point  1 to  point  2.  This  can  almost  be 
assumed  by  viewing  the  grey  values  at  these  two  points  in  that  point 
1 is  almost  white,  while  the  line  to  point  2 transverses  white  areas 
also.  However,  the  computer  is  a better  judge  of  the  grey  value  at 
specific  points  than  the  human  eye,  and  in  addition,  the  profiling 
process  is  completed  in  less  than  2 seconds. 

The  digital  image  created  from  these  elevations  can  also  be 
"quick  contoured"  by  assigning  colors  to  bands  of  grey  values 
(elevations).  The  original  image  is  assigned  a different  color  than 
those  chosen  for  contours  so  that  they  become  more  vivid  on  the  dis- 
play. The  result  of  this  process  again  takes  place  in  real  time  and 
is  shown  in  Figure  10.  Although  the  image  is  shown  here  in  black 
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and  white,  a vivid  contouring  operation  is  displayed  on  the  COMTAL 


screen  in  pseudocolor.  There  have  been  many  comments  concerning  the 
usefulness  of  pseudocoloring,  and  a favorable  one  is  that  it  indi- 
cates subtle  changes  in  the  grey  shades  better  than  black  and  white. 

Weapon  Products  — Pershing  Missile.  The  Army’s  Pershing  missile 
system  is  terminally  guided  to  its  target  by  an  electro-optical  de- 
vice called  the  "correlatron."  It  is  housed  in  the  missile  along 
with  a Plan  Position  Indicator  (PPI)  radar  which  scans  the  target 
area  at  several  elevations  during  its  downward  flight.  The  "live" 
radar  scene  is  correlated  with  a prestored,  synthetic  scene  within 
the  correlatron.  The  match,  or  mismatch,  between  these  scenes  pro- 
vides the  guidance  information.  Our  concern  is  with  the  generation 
of  the  synthetic  scene,  and  the  part  played  by  the  digital  inter- 
active system. 

Synthetic  radar  scenes  are  generated  from  elevation  and 
cultural  data  bases  where  slopes  derived  from  the  elevations  are 
used  to  predict  radar  returns  along  with  returns  predicted  from  the 
cultural  information,  such  as  bridges  and  buildings.  Currently,  the 
initial  synthetic  scenes  are  produced  in  a batch  computer  environ- 
ment and  the  digital,  interactive  processing  begins  with  this  pro- 
duct to  make  them  look  even  more  like  the  live  scene.  Live  scenes 
of  targets  have  been  digitized,  and,  as  the  interactive  process  pro- 
gresses, the  continually  modified  synthetic  scenes  are  correlated 
with  live  scenes.  Correlation  curves  and  statistics  are  output  at 
the  operator's  terminal,  and  the  correlation  is  performed  in  the 
parallel  processor. 
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Figure  11  is  a synthetic  scene  produced  in  the  batch  compu- 
ter environment,  and  Figure  12  is  the  result  of  many  modifications  to 
the  initial  synthetic  scene.  The  correlation  curves  are  shown  in 
Figures  13  and  14,  where  the  former  indicates  poor  correlation  and  the 
latter  good  correlation  since  it  has  a pronounced  peak  as  opposed  to 
the  flatness  of  the  former.  The  good  correlation  curve  was  obtained 


Figure  11. 


Original 
Synthetic  Scene 


Figure  J2.  Modified 

Synthetic  Scene 


Figure  13.  Poor  Correlation 


Figure  14.  Good  Correlation 


after  numerous  changes  to  the  original  synthetic  scene,  but  the 
correlation  was  carried  out  after  each  change  in  order  to  monitor  its 
effect.  Correlation  is  performed  by  moving  the  digitized  live  radar 
image  in  a horizontal  and  vertical  fashion  over  the  entire  modified 
synthetic  scene,  thereby  producing  240,000  correlation  numbers  which 
are  used  to  produce  these  curves.  This  is  accomplished  in  a few 
seconds  on  the  parallel  processor  whereas  a sequential  computer  would 
bog  down  in  this  operation.  Only  a few  more  seconds  are  required  to 
display  the  results  and  obtain  a hardcopy  of  the  curve. 
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CONCLUSION 

A great  deal  of  effort  has  been  expended  in  the  development 
of  the  digital  interactive  system  at  the  U.S.  Army  Engineer  Topo- 
graphic Laboratories,  Fort  Belvoir,  Virginia.  The  results  of  inte- 
grating hardware,  developing  system  and  application  software  has  been 
very  encouraging  since  processes  which  took  a week  to  accomplish  in 
an  ordinary  computer  environment  are  now  taking  only  a few  minutes. 
This  speeds  up  the  R&D  process  and  offers  an  opportunity  to  see 
clearly  the  advantage  of  flexibility  afforded  by  digital  processing. 
Nevertheless,  some  basic  problems  remain  and  they  will  remain  for 
years  to  come.  As  stated  earlier,  a characteristic  of  digital  image 
processing  is  data  volume.  Until  experience  is  gained  with  pro- 
cessing on  conventional  computers,  it  is  difficult  to  assess  the  im- 
pact of  digital  image  processing  on  these  systems.  Our  experience 
indicates  that  it  is  very  easy  to  inundate  the  system  with  digital 
image  processing  tasks  because  of  this.  This  problem  will  be  com- 
pounded in  the  future  as  acquisition  systems  of  interest  to  the  Army 
become  digital.  Also,  it  is  very  clear  that  certain  tasks,  such  as 
correlation  of  digital  imagery  from  stereopairs  of  photographs,  is 
not  relegated  to  the  conventional  computer  because  it  is  too  slow 
for  the  production  of  elevation  data.  These  problems,  and  more,  will 
spur  research  in  digital  parallel  processing. 

We  are  looking  forward  to  augmenting  the  existing  system  with 
advanced  displays  and  other  nonstandard  digital  hardware  and  soft- 
ware in  an  attempt  to  overcome  some  of  these  problems.  This  approach 
must  be  taken  in  order  to  demonstrate  the  practicality,  cost  effect- 
iveness, and  competitive  nature  of  the  digital  approach  relative  to 
other  technologies  which  could  be  used  in  performing  functions  such 
as  those  outlined  in  this  paper.  Performing  the  R&D  in  an  ordinary, 
general  purpose  computer  environment  will  always  leave  doubt  con- 
cerning these  attributes. 
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INTRODUCTION 

Double-pulsed  holography  provides  a measurement  technique 
for  the  analysis  of  large  surface  areas  of  vibrating  components.  A 
particular  advantage  of  holography  Is  that  It  requires  no  contact 
with  the  vibrating  object,  and  it  gives  a solution  to  a classical 
problem  in  the  area  of  both  acoustic  and  vibration  analysis.  The 
surface  of  a vibrating  object  is  represented  by  a series  of  fringes 
which  connect  points  that  have  equal  amplitudes  of  displacement. 

Since  holography  is  based  on  interferometry,  the  accuracy  is  within 
a fraction  of  the  wavelength  of  light. 

Continuous  wave  (CW)  holographic  techniques,  which  utilize 
HeNe  or  argon  laser  light  sources,  are  limited  in  a number  of  ways. 

The  test  object  in  CW  holography  has  to  be  isolated  from  the  environ- 
ment because  the  maximum  tolerable  motion  of  the  experimental  appar- 
atus is  about  an  eighth  of  the  laser  light  wavelength.  CW  holographic 
interferometric  techniques  are  time-average  and  real-time  holography, 
and  they  are  restricted  to  the  measurement  of  very  small  amplitudes. 

A maximum  amplitude  of  displacement  of  about  25  wavelengths  is 
possible  using  strobe  light  techniques  such  as  acoustical  optical 
modulators. 


The  difficulties  in  CW  holography  can  be  circumvented  by 
the  use  of  double  pulsed  holographic  techniques.  This  work  is  based 
on  results  obtained  by  a Korad  holographic  camera,  which  employs  a 
Q-switched  ruby  laser.  Each  laser  pulse  has  a duration  of  twenty 
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nanoseconds  which  is  insignificant  compared  to  the  periods  of  vibrat- 
ing structures.  The  pulse  separation  time  usually  varies  between  a 
few  microseconds  and  about  one  millisecond  while  typical  values 
usually  range  between  200  and  500  microseconds.  Pulse  separation  time 
intervals  are  kept  below  one  millisecond  to  avoid  isolation  problems 
with  low  frequency  building  vibrations  but  are  still  long  enough  to 
record  surface  displacement  occurlng  at  the  frequencies  of  Interest. 

In  any  case  the  pulse  separation  times  are  much  shorter  than  the 
periods  of  the  vibration  frequencies  for  large  amplitude  displacement. 

PULSED  RUBY  LASER 


OPTICAL  LAYOUT  FOR  REFLECTION  HOLOGRAPHY 


“ ► OBJECTIVE  BEAM 
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INTERFEROMETER 
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Figure  1 
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Figure  1 shows  a diagram  of  the  pulsed  holographic  camera  which  is 
used  for  our  data  acquisition.  The  laser  oscillator  is  located  at 
the  bottom  of  Fig.  1 and  it  produces  a low  energy  light  pulse  of  a 
few  millijoules.  The  oscillator  cavity  consists  of  a front  and  rear 
etalon,  pockels  cell,  and  ruby  rod.  The  two  etalons  each  contain 
some  Fabry-Perot  elements  and  are  individually  tuned  by  controlling 
the  temperature  to  within  a tenth  of  a centigrade  degree.  Individual 
resistive  heating  elements  with  the  appropriate  control  circuits  are 
used  to  maintain  a very  uniform  etalon  temperature  over  relatively 
long  time  intervals.  In  addition  the  etalons  are  in  protective 
housings  which  will  insulate  them  from  the  ambient  temperature.  The 
pockels  cell  is  used  to  Q switch  the  oscillator  and  provide  two  out- 
put pulses  of  equal  amplitude.  The  etalons  are  tuned  so  that  the 
ratio  of  front- to-rear  output  energy  is  a maximum.  The  output  from 
the  rear  etalon  is  diverted  into  the  Fabry-Perot  interferometer. 

The  ruby  rod  is  also  temperature  controlled  by  a separate  water 
cooled  unit  to  within  0.1C.°  Special  anti-reflecting  coatings  are  on 
the  rod  surfaces  so  that  the  cavity  length  is  determined  by  the  two 
etalons.  The  rear  etalon  has  four  elements,  and  it  is  designed  so 
that  the  oscillator  cavity  modes  have  a high  finesse  and  a very 
narrow  line  width  for  long  temporal  coherence  lengths.  The  front 
etalon  has  a single  quartz  element  and  is  tuned  for  maximum  output. 

The  output  from  the  oscillator  is  diverged  by  a negative 
lens  before  entering  the  first  of  two  ruby  amplifiers.  The  output 
from  the  ruby  power  amplifiers  consists  of  two  pulses  with  up  to  two 
joules  per  pulse  that  passes  through  a beam  splitter.  Ten  percent 
of  the  light  energy  is  reflected  into  the  reference  beam  while  the 
remaining  90S  is  equally  distributed  between  the  two  object  beams. 
These  beams  then  pass  through  diffusers  in  order  to  obtain  a uniform 
illumination  of  the  object.  The  amplifier  output  beam  energy  is 
monitored  by  sampling  a part  of  the  reference  beam  with  a calibrated 
photo-diode.  The  reference  beam  passes  through  a two  meter  delay 
line  and  uniformly  illuminates  the  holographic  plate. 

Figure  2 shows  the  holographic  camera  head.  The  circular 
window  in  the  side  cover  allows  the  beam  from  the  rear  etalon  to 
pass  through  to  the  Fabry-Perot  interferometer  which  is  not  present 
in  this  photograph.  The  plate  holder  is  shown  at  the  top  with  an 
electronic  shutter  which  is  synchronized  with  the  pulse  trigger.  The 
two  object  ports  are  shown  in  front  along  with  the  reference  beam 
mirror  housing. 

Figure  3 shows  a side  view  of  the  laser  head  with  the 
Fabry-Perot  Interferometer  mounted  on  the  left  side.  The  ruby 
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oscillator  is  clearly  displayed  along  with  the  high  voltage  cables 
and  cooling  lines. 


Figure  2 


Figure  4 contains  two  Instrumentation  racks  which  house 
various  power  supplies  and  pulse  shaping  components.  The  left  rack 
contains  two  10KV  power  supplies  for  the  ruby  amplifiers  and  the 
oscillator  flash  lamps.  The  right  rack  also  contains  two  10KV 
power  supplies  for  pulsing  each  side  of  the  pockels  cell  to  obtain 
the  double  pulse  output.  An  additional  component  in  this  rack  is  a 
digital  pulse  generator  which  sets  the  pulse  separation  time  between 
each  of  the  output  pulses.  Also  in  Figure  4 are  a storage  oscillo- 
scope for  displaying  the  photo  diode  outputs  and  two  digital 
thermometers  for  monitoring  the  temperature  of  the  etalons  and  the 
ruby  rod. 
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Figure  5 


Each  point  of  the  Illuminated  object  reflects  a portion  of 
the  laser  light  back  onto  a photographic  plate  as  shown  In  Fig.  1. 
Since  the  object  and  reference  beams  are  coherent,  an  interference 
pattern  is  created  on  the  photographic  plate.  A hologram  is  a 
photographic  place  which  contains  both  the  amplitude  and  phase 
Information  of  the  reflective  wave  from  the  object.  A virtual 
image  of  the  object  is  then  reconstructed  by  illuminating  the 
hologram  with  light  from  a HeNe  gas  laser. 

In  double  pulse  holography  two  consecutive  exposures  of  a 
vibrating  object  are  made  on  the  same  photographic  plate.  These 
exposures  are  coincident  with  the  double  pulse  output  of  the  ruby 
laser  and  record  information  about  the  position  of  the  vibrating 
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object  at  the  two  distinct  times.  The  interference  between  these 
diffraction  patterns  during  reconstruction  gives  rise  to  the  fringe 
pattern. 


RUBY  LASER  COHERENCE  REQUIREMENTS 

The  ruby  laser  must  have  a coherence  length  of  at  least 
one  meter  and  preferably  closer  to  7 meters.  The  coherence  limita- 
tion of  our  system  is  temporal  and  not  spatial.  A temporal  coherence 
of  7 meters  for  a double  pulse  laser  implies  that  both  pulses  must 
oscillate  on  the  same  cavity  mode.  The  coherence  length  is  reduced 
to  one  meter  if  the  laser  pulses  are  of  equal  Intensity  and  located 
on  adjacent  cavity  modes.  The  laser  cavity  contains  components  for 
longitudinal  and  transverse  mode  selection  to  achieve  long  coherence- 
length  pulses.  The  rear  etalons  (Fig.  1)  contain  numerous  elements 
to  suppress  longitudinal  mode  components.  The  output  energy  from  the 
ruby  laser  oscillator  is  drastically  reduced  after  mode  selection. 

The  laser  is  tuned  to  oscillate  in  the  TEM00  mode  just  above  an 
energy  threshold  of  about  5 millijoules  per  pulje.  The  laser  output 
is  Q-switched  to  produce  a pulse  width  of  20  to  30  nanoseconds.  The 
peak  power  from  the  double  stage  amplifier  output  is  100  megawatts. 

The  coherence  length  between  each  of  the  two  pulses  can  be 
monitored  using  a Fabry-Perot  (FP)  interferometer  (Fig.  5).  The  FP 
unit  is  mounted  on  a bracket  alongside  of  the  holographic  camera  as 
shown  in  Fig.  3.  The  FP  interferometer  consists  of  a FP  etalon,  a 
diverging  lens,  and  a Galilean  telescope  with  a magnification  of 
about  15.  A Polaroid  camera  back  records  the  FP  interference  pattern 
which  consists  of  circular  rings  of  various  orders.  The  laser  output 
is  multi-moded  if  the  various  interference  orders  have  a multiple 
structure.  Fig.  6a  shows  a FP  interference  pattern  for  a double 
pulse,  single  mode  laser  output.  Each  of  the  diffraction  orders 
is  a singlet  and  the  relative  temporal  coherence  of  the  two  pulses 
is  greater  than  7 meters.  Figure  6b  shows  a FP  interference  pattern 
where  the  output  energy  is  distributed  over  several  cavity  modes. 

The  temporal  coherence  of  this  double  pulse  shot  is  only  a few 
centimeters. 

A great  deal  of  operator  skill  and  tuning  is  required  to 
maintain  a 7 meter  coherence  length  for  double  pulse  operation. 
Temperature  effects  are  very  Important  and  a temperature  controlled 
laboratory  is  a must  for  consistent  results. 
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Figure  6a  Figure  6b 

A CALCULATION  OF  THE  VIBRATION  AMPLITUDE 

Consider  a point  on  the  surface  of  a vibrating  object  which 
ia  illuminated  by  two  pulses  from  a ruby  laser.  The  pulses  are  of 
equal  intensity  and  separated  by  a time  Interval  which  is  small 
compared  to  the  period  of  oscillation  T.  The  point  on  the  surface 
moves  a distance  d during  T and  generates  a phase  difference  $ 
between  the  two  object  points  as  shown  in  Fig.  7.  The  optical  path 
difference  between  the  two  object  waves  is  given  by  the  amount 

d ••  d(coso  + cos0),  (1) 

where  a and  0 are  the  angles  of  illumination  and  reflection  with 
respect  to  the  surface  normal.  The  phase  difference  $ is 

♦ “ (cosa  + cos0),  (2) 

where  A is  the  wavelength  of  the  ruby  laser.  Each  object  wave  inter- 
feres with  the  reference  beam  to  produce  a separate  hologram  on  the 
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photographic  plate. 


Object  Surface  Z 


Figure  7 


The  superposition  of  the  two  exposures  during  reconstruc- 
tion yields  a series  of  fringe  lines.  A minimum  in  intensity  is 
obtained  if 


j „ v^n  t j ,/r. 

min  2(cosa  + cosS) 

where  n is  a positive  integer.  Points  of  equal  displacement  are 
connected  by  interference  fringes,  and  the  relative  deformation  of 
the  object  surface  is  determined  by  the  contour  and  spacing  of  the 
holographic  fringes.  The  spacing  between  n Interference  fringes 
gives  the  component  of  the  displacement  normal  to  the  surface  as 


max 


(cosa 


nl 

+ cosB) 


(4) 


The  relative  displacement  between  the  two  object  points  is 
determined  by  counting  the  Interference  fringes  between  these  points. 
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The  average  surface  velocity  is  the  relative  displacement  divided  by 
the  pulse  separation  time  At,  and  it  is  proportional  to  the  density 
of  holographic  fringes. 

A double  exposure  hologram  is  used  to  measure  the  amplitudes 
of  vibration.  A transducer  which  is  attached  to  the  area  of  interest 
provides  the  trigger  signal  for  the  laser  pulses.  Any  part  of  the 
period  of  oscillation  can  be  examined  by  employing  electronics  delay 
circuitry.  The  relative  timing  of  the  laser  pulses  and  the  oscilla- 
tion of  the  object  point  is  shown  in  Rig.  8. 


Figure  8 

The  displacement  Z(t)  of  the  object  surface  at  times  t^  and 
t2  is  given  by 

Z(tj)  - A sin  tot^ 

Z(t2)  * A sin  wt2 

d - Z(t2)  - Z(t!),  (5) 
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where  u is  the  oscillation  frequency  of  the  object  point.  The  ampli- 
tude A is  determined  by  substituting  Eq  5 into  Eq  3.  Amplitudes  of 
any  magnitude  can  be  determined  at  the  object  point  by  using  this 
technique. 


DISCUSSION  OF  EXPERIMENTAL  RESULTS 

A detailed  analysis  of  three  holograms  will  be  discussed  in 
this  section.  A 15  milliwatt  helium-neon  laser  was  used  to  recon- 
struct the  virtual  holographic  images  which  were  quite  bright  and 
easily  viewed  with  the  naked  eye.  These  images  were  photographed 
with  Polaroid  4 by  5 inch  type  Positive/Negative  film.  A 105  mm 
telephoto  lens  with  a F16  stop  gave  quite  good  results.  The  contrast 
ratio  of  the  holographic  fringes  was  better  than  the  photographic 
film;  consequently,  the  photographs  are  not  as  good  as  the  \ lographic 
linages.  The  photographs  are  also  inferior  because  of  their  limited 
depth  of  field  and  field  of  view. 


Figure  9 
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Figure  9 is  a photograph  of  a single  pulse,  single  mode 
hologram  with  a 3.5  meter  calibration  board  extending  across  the 
field  of  view.  The  black  lines  on  the  board  are  approximately  20  cm. 
apart  and  about  75Z  of  the  board  is  visible  in  the  photograph.  The 
entire  board  is  visible  in  the  actual  holographic  image  in  addition 
to  the  wall  in  the  background.  The  hologram  has  at  least  seven 
meters  coherence  properties  since  no  localized  fringes  are  visible 
along  the  entire  extent  of  the  board. 


Figure  10 

Figure  10  is  a photograph  of  a seven  meter  double  pulse 
hologram  of  a man  standing  2 meters  in  front  of  the  holographic 
camera.  The  man  is  apparently  motionless  to  the  unaided  eye; 
although,  many  fringes  exist  in  the  holographic  images.  The  tiny 
muscle  movements  of  the  human  body  are  clearly  visible  via  the  fringe 
contours,  and  the  regions  of  highest  fringe  density  are  regions  of 
largest  amplitude  of  vibration.  The  fringe  contrast  in  this  hologram 
is  excellent  because  the  two  ruby  pulses  have  nearly  identical  ampli- 
tudes. The  pulse  separation  time  between  the  two  laser  pulses  is 


/ . 
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about  500  v sec. 


Figure  11 


Figure  11  is  a photograph  of  a double  pulse  hologram  of  a 
vacuum  pump.  The  fringes  are  caused  by  an  internal  vibration  due  to 
the  motor  running  at  a normal  rate.  The  pump  is  painted  white  to 
Increase  the  fringe  contrast  and  the  pulse  separation  time  is  300 
U sec.  The  parallel  fringes  on  the  baffle  and  the  Intake  tube  are 
caused  by  a cantilevered  motion  of  these  parts.  The  bulls  eye 
patterns  on  the  base  and  the  side  panels  are  due  to  mode  excitations 
on  these  respective  regions  of  the  pump. 

None  of  the  double  pulse  holograms  were  synchronized  with 
the  vibrational  motion  of  the  object.  The  ruby  laser  was  manually 
triggered  so  that  the  fringe  pattern  varied  depending  upon  the  rela- 
tive phase  between  the  trigger  pulse  and  the  object  motion.  The 
fringe  contours  remained  relatively  constant  in  shape;  although,  the 
fringe  intensity  at  a fixed  point  on  the  object  varied  randomly 
between  light  and  dark.  In  the  future  we  Intend  to  externally 
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trigger  the  laser  off  of  an  accelerometer  transducer  which  is  fixed 
on  the  object.  The  fringe  contour  and  spacing  will  remain  constant 
if  the  system  parameters  are  unchanged  from  one  hologram  to  the  next. 
This  procedure  will  help  standardize  the  variation  in  fringe  pattern 
which  is  caused  by  real  structural  changes  in  the  object. 

The  holographic  camera  in  its  present  configuration  is  a 
very  temperamental  piece  of  instrumentation.  The  main  problem  seems 
to  be  one  of  temperature  stabilization.  If  the  laboratory  temperature 
varies  by  more  than  5 Celsius  degrees,  the  laser  output  becomes 
unstable.  Since  the  oscillator  must  operate  so  close  to  threshold, 
small  variations  in  cavity  length  or  element  spacing  in  the  etalons 
rapidly  detunes  the  system.  The  etalon  temperatures  seem  to  be  well 
controlled  by  resistive  heaters  which  are  positioned  on  the  mirror 
mounts.  The  most  likely  problem  at  this  time  is  the  temperature 
variations  in  the  aluminum  baseplate.  Work  is  in  progress  at  Korad 
to  mount  the  oscillator  on  an  invar  base  plate.  Since  the  oscillator 
components  are  bolted  directly  to  the  base  plate,  the  much  smaller 
thermal  expension  coefficient  of  invar  should  minimize  this  effect. 
Another  approach  is  to  put  resistive  heaters  on  the  current  aluminum 
base  plate  and  heat  it  above  the  ambient.  The  base  plate  will  be 
insulated  from  the  ambient  and  its  temperature  will  be  controlled  to 
within  1 centigrade  degree.  A last  resort  would  be  to  put  the 
oscillator  in  a precisely  temperature  controlled  oven  and  insulate 
it  from  the  ambient.  This  approach  would  be  quite  expensive  and 
involve  a considerable  redesign  of  the  present  holographic  system. 

Pulsed  holography  promises  to  be  a very  exciting  and  userul 
tool  for  Investigating  the  vibration  characteristics  of  mechanical 
structures.  The  fringe  pattern  gives  the  design  engineer  a visual 
picture  of  regions  on  the  structure  with  large  displacement  ampli- 
tudes, large  stress  concentrations,  and  the  position  of  nodes  and 
anti-nodes  of  vibration.  The  state-of-the-art  ruby  lasers  have 
large  energy  outputs  that  enable  the  holographer  to  illuminate  sizable 
surface  areas  on  the  test  specimen.  The  basic  limitation  is  that  at 
present  the  technique  is  suitable  only  for  laboratory  environments. 

The  tight  temperature  specifications  of  the  oscillator  would  make 
routine  double  pulse  holography  difficult  in  a production  line 
environment . 
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INTRODUCTION:  Optical  tracking  has  been  a mainstay  of  accu- 
rate metric  range  instrumentation  since  the  first  testing  of  modern 
rocketry.  The  accuracies  that  were  possible  from  optical  instruments 
exceeded  those  from  other  available  instruments.  Improvements  in  en- 
coders, optical  testing,  modelling  of  the  atmosphere,  and  optical  design 
continuously  improved  the  accuracies  of  optical  instruments.  The  major 
drawback  is  the  required  film  processing  which  delayed  the  delivery  of 
boresight  corrected  optical  data. 

Recent  changes  in  technology  have  created  the  potential  for 
relieving  part  of  the  delay  in  data  delivery.  Automatic  tracking 
methods  using  high-speed  microprocessors,  artificial  intelligence,  and 
pattern  recognition  techniques,  together  with  special  modifications  to 
the  existing  optical  systems,  are  now  available  to  perform  most  of  the 
film  reading  function  in  an  on-line,  real-time  mode.  These  methods  far 
exceed  the  conventional  contrast,  edge,  and  correlation  trackers  in 
sophistication  and  capability,  since  they  are  based  upon  an  understand- 
ing of  some  definable  properties  of  the  image  involving  many  parameters 
as  compared  to  only  a few. 

THE  INTELLIGENCE  OF  OBJECT  IDENTIFICATION:  Pattern  recogni- 
tion is  a mathematical  science  based  upon  the  separation  of  a parameter 
space  into  two  or  more  regions,  so  that  when  the  parameter  is  measured 
it  may  be  classified  as  belonging  to  one  of  the  appropriate  regions. 

It  follows  that  a vector  parameter  will  give  rise  to  a parameter  space 
of  dimensionality  equal  to  the  number  of  independent  elements  in  the 
vector.  Thus,  for  an  N-vector,  the  required  separation  is  a hyperplane 
in  N space.  If  the  parameter  is  a single  element  vector,  an  assignment 
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.can  be  made  on  the  basis  of  a single  threshold  on  the  real  numbers,  and 
a tracker  can  be  built  that  uses  this  decision  rule.  An  example  we  call 
a contrast  tracker  uses  a threshold  on  brightness  for  the  assignment. 

A preprocessing  algorithm  may  be  placed  before  the  decision.  If  we  pre- 
process  for  the  magnitude  of  change  in  intensity,  the  same  thresholding 
rule  will  yield  an  edge  tracker.  These  are  amongst  the  simplest  appli- 
cations of  pattern  recognition  to  the  object  identification  problem. 
Since  these  algorithms  are  easily  confused,  many  spurious  objects  in  the 
field  of  view  ( FOV ) often  meet  the  classification  criteria. 

A somewhat  different  approach  that  uses  an  array  of  points  and 
measures  the  closeness  of  fit  to  a subsequently  measured  similar  array, 
while  choosing  the  best  match  as  the  correct  location,  is  generally 
known  as  a correlation  tracker.  The  decision  is  again  based  upon  a sin- 
gle element  parameter  vector  (the  closeness  of  fit),  but  the  preprocess- 
ing of  data  is  much  more  elaborate.  While  this  approach  offers  an 
improvement  in  confidence  that  the  correct  object  has  been  located  if 
the  object  description  is  known,  it  suffers  from  two  principal  problems. 
The  first  is  that  generally  the  object  being  tracked  changes  appearance 
continually  while  objects  in  the  background  may  not.  This  requires  an 
adaptive  object  description  which  may  slowly  converge  to  the  acceptance 
of  an  undesired  object  as  the  desired  one.  The  second  problem  is  that 
this  approach  requires  a very  large  amount  of  processing  to  do  a good 
job,  since  the  optimal  linear  process  would  be  a convolution  of  the  NxM 
object  description  array  over  the  PxQ  array  of  data  points,  and  gener- 
ally P >>N,  Q>>M.  A commonly  used  simplification  is  an  additive  (sub- 
tractive) algorithm  that  seeks  the  best  fit  of  the  desired  array  to  the 
data,  instead  of  the  convolution.  This  approach  necessarily  results  in 
loss  of  tracker  performance.  For  these  reasons,  the  correlation  track- 
ing method  is  generally  limited  to  very  restricted  window  tracking  and 
fairly  slow  update  rates. 

Approaches  to  real-time  optical  tracking  have  generally  been 
limited  to  these  approaches  for  the  following  principal  reasons.  The 
first  and  most  important  has  been  the  magnitude  of  the  real-time  proc- 
essing requirement  for  the  more  elaborate  approaches,  which  have  exceed- 
ed computational  resources  generally  available.  The  second  has  been  a 
lack  of  image  understanding  that  would  allow  the  formulation  of  more 
reliable,  yet  simple,  approaches.  Substantial  progress  has  recently 
been  made  in  the  former,  and  there  are  many  encouraging  new  developments 
In  the  latter. 

A variety  of  methods  of  image  data  processing  have  become 
known  over  the  past  decade.  Appl ications-oriented  research  at  the  US 
Arrny  White  Sands  Missile  Range  (WSMR)  has  lead  recently  to  a system  of 
reasonably  high  sophistication  using  concepts  developed  in-house  and 
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through  sponsored  research  to  solve  complex  identification  and  track- 
ing problems.  WSMR  has  concentrated  on  objects  in  the  visible  spectrum 
and  in  real-time.  Many  other  systems,  not  necessarily  real-time,  have 
been  developed  for  applications  in  medicine,  meteorology,  and  space 
research. 


Many  of  the  newer  methods  involve  the  use  of  many  elements  in 
the  parameter  vector  to  glean  more  information  from  the  data.  In  apply- 
ing pattern  recognition  methods  to  the  object  identification  problem, 
the  engineer  is  trying  to  minimize  the  amount  of  data  he  must  handle  and 
maximize  his  confidence  that  he  made  the  correct  decision.  Any  linear 
process  will  preserve  the  quantity  of  data  (260,000  points  for  a 512x512 
image,  possibly  8 bits  per  point)  which  is  obviously  not  desirable  if 
much  processing  is  required  to  make  a decision.  The  engineer  is  forced 
to  require  a high  degree  of  parallel  processing  on  linear  processes,  and 
to  perform  nonlinear  operations  to  reduce  the  data  quantity  prior  to 
determining  the  values  of  the  parameter  elements  used  in  the  decision 
rule.  Ideally,  the  dimensionality  of  the  decision  space  should  be  kept 
reasonably  small  to  allow  decisions  to  be  made  in  real-time  or  in  near 
real-time. 


Some  of  the  preprocessing  methods  currently  in  use  are: 

Filtering:  Filtering  operations  generally  involve  the  con- 
volution of  a point  spread  function  array  with  the  image  to  achieve  some 
desired  objective  with  the  image.  Examples  include  removing  spatially 
invariant  degradations  due  to  the  optics  of  the  atmosphere,  boosting  the 
high  frequency  content  of  the  image  to  enhance  edges,  removing  noise  in 
the  image,  making  the  image  more  pleasing  to  the  eye,  and  other  such 
operations.  Generally  those  operations  which  remove  degradations  are 
called  estimation  and  those  which  emphasize  certain  spatial  frequencies 
or  certain  aspects  of  the  image  are  called  enhancement.  It  must  be 
noted  that  enhancement  is  an  intentionally  introduced  distortion  to  pro- 
duce some  desired  effect. 

Transforms : Operations  that  map  the  image  into  a new  domain 
are  called  transforms.  The  elements  in  the  new  domain  are  a measure  of 
some  property  of  the  original  image.  The  most  common  example  is  the 
discrete  Fourier  transform  (DFT),  especially  in  the  fast  algorithms 
(FFT).  The  DFT  identifies  the  spatial  frequency  content  of  the  image, 
which  allows  further  processing  based  upon  these  components.  A class 
of  binary  Fourier  (BIFORE)  transforms  has  been  developed  over  the  past 
decade  which  are  similar  to  the  DFT  but  are  more  suited  to  computer 
applications.  These  might  be  called  lesser  transforms  since  they  do 
not  represent  the  information  in  the  image  as  completely.  Because  they 
are  much  more  efficiently  run  on  a computer  than  the  DFT,  they  have 
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Important  applications  in  image  transformations.  Among  these  lesser 
transforms  are  the  now  popular  Hadamard  transform  based  upon  Walsh  func- 
tions, and  the  less  known  but  simple  Haar  transform.  These  transforms 
can  be  useful  for  identifying  features  of  interest  in  the  image.  It  is 
necessary,  of  course,  to  apply  all  of  these  transforms  in  a two-dimen- 
sional algorithm  to  process  the  two-dimensional  images. 

Point  Processing:  In  point  processing,  individual  points  in 
the  image  are  assigned  new  values  based  upon  some  assignment  rule.  This 
may  take  a variety  of  forms  with  a large  variation  in  apparent  results. 
One  point  processing  algorithm  averages  the  corresponding  point  of  sev- 
eral frames  or  sequential  images  to  produce  a weighted  composite  and 
remove  transient  degradations.  Another  assigns  all  values  above  a given 
threshold  to  1 and  all  values  below  to  0.  This  is  known  as  threshold- 
ing. A variation  on  thresholding  is  to  assign  predetermined  gray  levels 
to  1 even  though  these  may  not  be  in  a continuous  range.  Still  another 
algorithm,  known  as  contrast  stretching,  assigns  all  values  below  some 
intensity  Io  to  0;  all  values  above  another  intensity  Ij  to  the  maximum 
gray  level,  say  256;  and  stretches  the  intermediate  values  to  occupy  the 
full  range.  Generally,  point  processing  methods  are  nonlinear,  yielding 
fewer  bits  in  the  output  than  in  the  data  array. 

The  next  step  in  the  process  is  to  identify  the  values  of  the 
elements  in  the  parameter  vector.  These  elements  may  include  such 
things  as  size,  orientation,  number  of  corners,  brightness,  etc.  When 
joined  in  a single  parameter  vector,  they  describe  all  we  think  we  need 
to  know  to  adequately  describe  the  object  for  purposes  of  identification. 

A REAL-TIME  TRACKING  SYSTEM:  By  using  the  above  concepts  to- 
gether with  high-speed  microprocessors  and  special  optics,  a real-time 
tracking  system  may  be  devised  that  demonstrates  a substantial  advantage 
over  the  contrast,  edge,  and  correlation  trackers  currently  on  the  mar- 
ket. The  greatest  challenge  is  that  of  doing  "intelligent"  processing 
of  video  data  at  the  extremely  high  data  rates  of  standard  TV. 

The  development  of  an  intelligent  real-time  video  (RTV)  track- 
ing system  has  been  accomplished  through  the  cooperative  efforts  of 
research  and  development  personnel  at  WSMR,  New  Mexico  State  University 
(NMSU) , and  the  Optical  Sciences  Center  of  the  University  of  Arizona. 

The  prototype  RTV  processor  is  being  assembled  at  NMSU,  the  automatic 
zoom  lens  and  image  rotator  at  the  University  of  Arizona,  and  the  system 
interfaces  at  WSMR.  The  system  components  will  be  integrated  and  the 
system  deployed  early  in  fiscal  year  1979  as  an  add-on  modification  to 
the  Contraves  Model  F cinetheodolite  at  WSMR. 

Figure  1 is  a block  diagram  of  the  RTV  tracking  system  which 
shows  the  RTV  processor  as  the  central  element.  The  RTV  processor 
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FIGURE  1.  RTV  TRACKING  SYSTEM 
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receives  standard  composite  video  from  a television  camera,  locates  the 
target  image,  and  provides  control  signals  which  drive  the  zoom  and 
image  rotation  elements  and  point  the  Contraves  tracking  optics  at  the 
target.  It  also  provides  boresight  correction  signals  and  target  atti- 
tude angles  which  are  recorded  into  the  vertical  retrace  period  of  the 
video  tape  used  to  record  the  tracking  sequence. 

The  RTV  processor  consists  of  a distributive  array  of  five 
processors,  shown  in  Figure  1.  The  video  processor  synchronizes  and 
digitizes  the  video  signal  from  the  TV  camera,  performs  a statistical 
analysis  of  the  digitized  image,  and  separates  the  target  images  from 
the  background.  The  projection  processor  accumulates  binary  projections 
of  the  target  and  plume  images  and  establishes  the  structural  parameters 
which  locate  and  describe  the  shape  of  the  target  and  plume  images.  The 
tracker  processor  establishes  a structural  confidence  in  the  data  and 
implements  an  intelligent  tracking  strategy.  The  control  processor 
utilizes  the  structural  confidence  to  combine  current  target  coordinates 
with  previous  target  coordinates  to  orient  the  optics  toward  the  next 
expected  target  position,  forming  a fully  automatic  system.  The  input/ 
output  (I/O)  processor  provides  a user  interface  to  the  tracking  proc- 
essors and  is  responsible  for  recording  the  tracking  data  with  a video 
tape  recorder. 

A Research  Oriented  Processor  Configuration:  Four  of  the  five 
distributive  processors  (excluding  the  I/O  processor)  which  comprise  the 
RTV  processor  are  high-speed  mi c reprogrammable  processors,  each  of  which 
requires  a stored  microprogram  to  control  its  designated  tracking  func- 
tion. To  provide  a powerful  tool  for  future  research  in  video  tracking 
algorithms  and  to  facilitate  operational  testing  of  the  RTV  system,  the 
control  store  of  each  processor  is  realized  with  a read/write  random 
access  memory. 

These  four  distributive  processors  are  being  built  with  a 
standard  microprogrammable  processor  architecture  to  simplify  the 
development  and  maintenance  of  the  RTV  tracking  system.  This  standard 
architecture  has  been  designed,  built,  and  tested  at  NMSU.  Based  on  the 
new  Texas  Instruments  (TI)  74S481  Schottky  processor  chip,  it  provides 
a microinstruction  cycle  time  of  under  200  nanoseconds  with  sufficient 
computational  power  to  implement  the  required  RTV  tracking  algorithms. 
The  standard  architecture  requires  several  LSI  chips  which  may  be  parti- 
tioned into  control  and  processing  sections.  Overlapping  the  execution 
of  one  microinstruction  with  the  fetch  of  the  next  one  allows  the  proc- 
essor to  achieve  a minimum  microinstruction  cycle  time  equal  to  the 
larger  of  either  the  fetch  time  or  the  execution  time,  significantly 
increasing  the  speed  of  the  processor. 
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The  four  high-speed  processors  included  in  the  RTV  tracking 
•loop  are  described  in  some  detail  in  the  following  paragraphs.  In  each 
case,  the  processor  is  built  around  the  standard  architecture  outlined 
above.  Some  specialized  hardware  is  added  to  the  standard  configuration 
in  each  case  to  accommodate  the  specific  functions  of  the  individual 
processors. 

The  Video  Processor:  The  video  processor  decomposes  each 
video  field  into  target,  plume,  and  background  pixels  at  the  standard 
video  rate  of  60  fields  per  second.  As  the  TV  camera  scans  the  scene, 
the  video  intensity  is  digitized  at  m equally  spaced  points  across  each 
horizontal  scan  line.  A resolution  of  m = 512  pixels  per  line  results 
in  a pixel  rate  of  96  nanoseconds  per  pixel.  Within  96  nanoseconds,  a 
pixel  intensity  is  digitized  and  quantized  into  8 bits  (256  gray  levels), 
counted  into  one  of  six  256-level  histogram  memories,  and  then  converted 
by  a decision  memory  to  a 2-bit  code  indicating  its  classification  (tar- 
get, plume,  or  background).  The  2-bit  classification  code  is  passed  to 
the  projection  processor  via  the  target  data  (TD)  and  projection  data 
(PD)  lines.  TD  is  high  for  target  points;  PD  is  high  for  plume  points. 

The  basic  assumption  of  the  image  decomposition  method  is  that 
the  target  image  has  some  video  intensities  not  contained  in  the  immedi- 
ate background.  A tracking  window  is  placed  about  the  target  image,  as 
shown  in  Figure  2,  to  sample  the  background  intensities  iranedi ately 
adjacent  to  the  target  image.  The  window  frame  is  partitioned  into  two 
regions,  B and  P.  Region  Bis  used  to  provide  a sample  of  the  back- 
ground intensities,  and  region  P is  used  to  sample  the  plume  intensities 
when  a plume  is  present.  Using  the  sampled  intensities,  a very  simple 
decision  rule  is  used  to  classify  the  pixels  in  region  T as  follows: 

• Background  points--All  pixels  in  region  T with  intensities 
found  in  region  B are  classified  as  background  points. 

• Plume  points--All  pixels  in  region  T with  intensities  found 
in  region  P,  but  not  found  in  region  B,  are  classified  as 
plume  points. 

• Target  points--All  pixels  in  region  T with  intensities  not 
found  in  either  region  B or  P are  classified  as  target 
points. 

A tracking  window  placed  about  the  target  image  provides  a 
method  for  sampling  the  pixel  features  associated  with  the  target  and 
background  images.  The  background  sample  should  be  taken  relatively 
close  to  the  target  image,  and  it  must  be  of  sufficient  size  to  accu- 
rately characterize  the  background  intensity  distribution  in  the  vicini- 
ty of  the  target.  The  tracking  window  also  serves  as  a bandpass  filter 
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FIGURE  2.  TRACKING  WINDOW 


by  restricting  the  target  search  region  to  the  iimediate  vicinity  of  the 
target.  Although  one  tracking  window  is  satisfactory  for  tracking  mis- 
sile targets  with  plumes,  two  windows  provide  additional  reliability  and 
flexibility  for  independently  tracking  a target  and  plume,  or  two  tar- 
gets. Having  two  independent  windows  allows  each  to  be  optimally  con- 
figured and  provides  reliable  tracking  when  either  window  can  track. 

The  Projection  Processor:  The  projection  processor  consists 
of  a projection  accumulation  memory  (PAM)  and  a standard  processor  which 
are  designed  to  form  projections  of  simultaneous  target  and  plume  win- 
dows and  to  compute  structural  parameters  from  the  projections.  The 
pixel  data  from  each  tracking  window  enters  the  PAM  in  real-time  as  a 
synchronized  serial  stream  on  lines  TD  and  PD.  As  the  classified  pixel 
data  is  received,  the  PAM  accumulates  the  projection  data  while  the 
processor  monitors  the  y-projections , accumulates  the  total  number  of 
target  and  plume  points,  and  determines  the  midpoints  used  to  split  the 
x-projections.  Each  x-projection  is  split  to  allow  the  computation  of 
target  and  plume  attitude  angles  based  on  the  locations  of  the  median 
centers  of  the  x-  and  y-projections  of  the  top  half  and  bottom  half  of 
the  target  and  plume  images. 
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During  the  vertical  retrace  interval,  the  projection  processor 
divides  each  projection  into  eight  segments  of  equal  mass  using  a simple 
algorithm  to  sequentially  address  each  line  of  the  projection  and  multi- 
ply the  number  of  pixels  in  the  line  by  eight.  If  the  result  exceeds 
the  total  number  of  pixels  in  the  projection,  a flag  is  sent  to  the  PAM 
forcing  the  next  line  to  be  placed  at  the  beginning  of  the  next  1/8  seg- 
ment of  the  projection.  If  the  result  is  less  than  the  total  number  of 
pixels  in  the  projection,  additional  lines  of  pixels  are  accumulated 
until  the  line  containing  the  1/8  percentile  point  is  located. 

The  1/8  percentile  points  for  each  of  the  six  projections  are 
computed  within  410  usee  of  the  vertical  retrace  period  and  then  passed 
to  the  communication  memory  along  with  the  total  number  of  target  and 
plume  points.  These  parameters  constitute  the  structural  parameters 
used  by  the  tracker  processor  to  define  an  intelligent  tracking  strategy. 
Figure  3 illustrates  the  accumulation  of  the  projections  and  the  compu- 
tation of  the  percentile  points  and,  for  simplicity,  omits  the  splitting 
of  the  x- projection. 

Tracker  Processor:  The  tracker  processor  receives  the  struc- 
tural parameters  from  the  projection  processor,  locates  and  character- 
izes the  structure  of  the  target  and  plume  images,  and  decides  on  a 
tracking  strategy  to  maintain  track.  It  then  outputs  control  signals  to 
place  the  window  frames  in  the  video  processor  and  outputs  target  loca- 
tion and  orientation  data  to  the  control  processor  along  with  a confi- 
dence in  the  measured  data.  Since  it  operates  on  the  projection  data 
from  field  n while  the  projections  for  the  next  field  (n+1)  are  being 
accumulated,  the  tracker  processor  is  always  one  field  behind  the  video 
and  projection  processors.  The  tracker  and  control  processors  must  both 
finish  their  calculations  before  the  vertical  retrace  interval  begins 
for  field  n+1.  This  constraint  requires  the  tracker  processor  to  output 
its  data  to  the  control  processor  within  7 milliseconds  after  it  receives 
the  projection  data. 

Since  the  tracker  processor  is  the  only  processor  that  com- 
municates with  all  of  the  other  three  processors,  each  of  which  has  its 
own  coordinate  system,  the  tracker  processor  must  interpret  the  input 
data  intelligently  and  then  output  the  appropriate  data  to  the  video  and 
control  processors  in  their  respective  coordinate  systems.  The  inputs 
are  positive  16-bit  integers  defined  for  a coordinate  system  whose  ori- 
gin is  the  first  pixel  scanned  inside  the  appropriate  tracking  window. 

The  outputs  to  the  video  processor  are  9-bit  positive  integers  defined 
for  a coordinate  system  whose  origin  is  the  first  pixel  scanned  within 
the  FOV.  The  16-bit  outputs  to  the  control  processor  are  defined  for  a 
coordinate  system  whose  origin  is  the  boresight. 
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FIGURE  3 

PROJECTIONS  AND  PERCENTILE  POINTS 


An  overall  view  of  the  functions  of  the  tracker  processor  is 
given  in  Figure  4.  It  has  two  modes  of  operation,  the  initial  acquisi- 
tion mode  and  the  autotrack  mode.  The  initial  acquisition  mode  is  used 
when  the  RTV  system  is  trying  to  lock  onto  the  target  of  interest.  Cur 
ing  this  mode,  the  video  processor  does  little  or  no  learning  on  the 
target  and  plume  intensities.  The  tracker  processor  will  not  instruct 
the  control  processor  to  begin  predicting  the  target  location  until  it 
is  sure  of  the  existence  of  at  least  the  plume  within  the  plume  window. 
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FIGURE  4.  TRACKER  PROCESSOR  FUNCTIONS 


When  the  plume  image  moves  into  an  appropriate  region  of  the  FOV,  the 
tracker  processor  will  notify  both  the  video  processor  and  the  control 
processor  with  a flag  indicating  that  it  is  now  ready  to  shift  into  the 
autotrack  mode. 

The  autotrack  algorithm  is  divided  into  the  four  main  modules 
shown  in  Figure  4.  The  data  conversion  module  transforms  the  projection 
input  data  into  physical  variables;  such  as,  target  and  plume  size, 
position,  and  shape.  These  variables  are  then  combined  with  previous 
target  activity  data  from  the  history  update  module  to  obtain  additional 
variables;  such  as,  the  changes  in  target  and  plume  position  and  size. 
All  of  these  variables  are  compared  with  preassigned  reference  constants 
to  obtain  a set  of  binary  inputs  which  are  used  directly  by  the  state 
interpretation  module  to  define  the  current  tracking  situation  and  pro- 
duce an  optimum  tracking  strategy.  The  strategy  is  implemented  by  the 
output  computation  module  in  the  form  of  control  signals  to  the  video 
and  control  processors. 

The  Control  Processor:  The  function  of  the  control  processor 
is  to  generate  the  four  control  signals  that  drive  the  real-time  video 
tracker;  i.e.,  the  tracker  azimuth  and  elevation  E-j  which  are  sent  to 
the  RTV-Contraves  system  interface  and  the  optics  rotation  $.j  and  zoom 
Z.j  which  are  sent  to  the  RTV-zoom/rotation  interface  (Figure  1).  In 
addition,  the  control  processor  outputs  the  following  tracking  data  to 
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the  I/O  processor  after  each  field  so  they  can  be  recorded  in  the  verti- 
cal retrace  period  of  the  video  tape:  field  count,  tracker  status, 
time,  x-displacement  from  boresight,  y-displacement  from  boresight,  tan- 
gent of  the  target  orientation  angle  from  vertical  boresight,  target 
azimuth,  target  elevation,  tracker  azimuth,  tracker  elevation,  image 
rotation  angle,  and  zoom  ratio. 

The  tracking  optics  feeds  the  target  image  to  the  video  proc- 
essor portion  of  the  RTV  processor  (Figure  1)  which  establishes  the  tar- 
get coordinates  with  respect  to  the  optics  boresight.  The  control 
processor  combines  current  target  coordinates  with  previous  target  coor- 
dinates to  point  the  optics  toward  the  next  expected  target  position. 

The  predicted  control  equations  are  based  on  the  combination  of  linear 
and  quadratic  optical  estimates  taken  from  a five-deep  history  stack. 
Since  the  input  data  is  derived  from  field  (K-l),  and  the  estimates  are 
being  computed  during  field  K,  the- control  estimates  must  predict  ahead 
two  time  increments  to  provide  control  signals  which  will  place  the 
boresight  at  the  correct  position  during  frame  K+l. 

COMPUTER  SIMULATION  OF  THE  REAL-TIME  VIDEO  TRACKER.  A compu- 
ter simulation  of  the  RTV  tracking  system,  incorporating  the  algorithms 
used  in  the  control  stores  of  the  four  distributive  processors,  has  been 
developed  and  implemented  on  the  PDP  11/35  system  at  WSMR.  The  purpose 
of  this  simulation  is  to  provide  a method  for  testing  new  design  con- 
cepts and  evaluating  the  RTV  tracking  system  under  realistic  tracking 
conditions.  The  simulation  model  includes  dynamic  models  for  the  target 
-trajectory  and  the  Contraves  Model  F cinetheodolite  tracking  system,  in 
addition  to  the  RTV  processor  algorithms,  for  simulating  the  complete 
tracking  system.  The  recent  development  of  an  image  processing  labora- 
tory at  WSMR  has  enabled  research  personnel  to  digitize  sequential  video 
fields  of  typical  tracking  imagery.  These  fields  of  digitized  video  are 
now  being  used  in  the  RTV  simulation  and  in  the  development  of  improved 
image  segmentation  and  structural  analysis  algorithms. 

The  RTV  simulation  is  being  used  as  a research  tool  at  WSMR. 

It  is  especially  effective  in  evaluating  the  RTV  system  performance  and 
in  identifying  and  seeking  solutions  to  real-time  tracking  problems 
before  the  RTV  tracking  system  is  deployed.  With  the  added  capability 
of  using  digitized  video  from  a variety  of  tracking  sequences  as  inputs 
to  the  video  processor,  the  simulation  can  now  test  the  system  perform- 
ance under  a variety  of  tracking  conditions,  thus  allowing  thorough 
evaluation  and  possible  refinement  of  the  tracking  and  processing  algo- 
rithms and  the  state  transitions  of  the  tracker  processor. 

CONCLUSION:  RTV  tracking  is  not  new,  but  recent  developments 
have  added  new  capabilities  that  enhance  the  advantages  of  these  sys- 
tems. Video  tracking  offers  some  distinct  advantages  over  electronic 
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tracking  (such  as  ECM  immunity),  but  suffers  from  some  disadvantages  as 
well  (such  as  restrictions  in  visibility).  Several  other  aspects  of 
system  development  for  RTV  tracking  are  discussed  in  the  papers  and 
reports  listed  in  the  bibliography. 

A continuing  research  need  exists  for  better  understanding  of 
imagery.  A human  incorporates  many  elements  into  the  parameter  vector 
that  he  uses  to  identify  an  object.  The  difficulty  of  understanding  the 
human  visual  process  has  caused  rather  slow  progress  in  teaching  compu- 
ters to  "see."  We  know  that  the  human  uses  such  things  as  texture,  ori- 
entation, color,  size,  shading,  shape,  context,  etc.  to  identify  objects. 
Parameter  vectors  which  incorporate  these  elements  are  difficult  to 
quantify.  It  is  not  necessary,  however,  to  require  the  computer  to  see 
the  same  things  a human  does.  It  is  difficult  to  visualize  elements  of 
parameter  vectors  that  do  not  have  a physical  meaning  to  a human,  but 
which  may  be  useful  for  computer  recognition  processes.  Much  work  re- 
mains to  be  done  to  produce  a highly  sophisticated  sight  process  in  a 
computer. 


The  concepts  described  in  this  paper  have,  however,  been  test- 
ed and  will  result  in  a prototype  system  deployed  in  1979.  Through  a 
process  of  simulation  and  breadboard  verification,  WSMR  has  determined 
that  such  a system  is  well  within  the  current  capabilities  of  technolo- 
gy. A great  deal  of  national  (and  some  international)  attention  has 
been  focused  on  this  project  because  of  the  unique  applications  of  pat- 
tern recognition  in  a tracking  situation. 
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INTRODUCTION; 

Even  in  civilian  populations  not  required  to  perform  hard 
work,  excess  mortality  is  produced  by  sudden  increases  in  environmen- 
tal heat;  when  air  conditioners  were  inoperative  during  a four  day 
heat  wave  in  the  summer  of  1970  because  of  the  power  outage  in  New 
York  City,  there  was  increased  mortality  (2)  despite  relatively  mild 
conditions  (Tjjjj/T^  = 33°/23°C),  The  problem  is  much  worse  for  the 
soldier,  particularly  the  infantryman: 

"The  life  of  a foot  soldier  is  divided  between  two  extremes 
of  labour  and  inactivity.  Sometimes  he  is  ready  to  sink 
beneath  fatigue,  when,  having  his  arms,  accoutrements  and 
knapsack  to  carry,  he  is  obliged  to  make  long  marches, 
especially  in  hot  or  rainy  weather..." 

John  Pringle,  1752 

Surgeon  General  to  the  English  Army 

Experience  with  such  conditions  led  Medical  officers  nearly  a century 
ago  tr  postulate: 

"If  possible,  choose  the  cool  season  for  campaigns  in  warm 
countries 

Andrew  Duncan,  1888 
Surgeon  to  The  Bengal  Army 

The  passage  of  time  has  not  altered  these  medical  comments;  if  any- 
thing, loads  are  heavier,  protective  clothing  (body  armor,  chemical 
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protective  clothing)  more  restrictive,  troops  must  be  selected  from 
a less  physically  fit  population,  and  they  can  be  moved  into  hot  en- 
vironments rapidly,  without  time  for  the  "seasoning"  associated  with 
slower  movement  by  foot,  rail  or  ship,  A personal  letter  from  Viet 
Nam  in  May,  1970,  would  have  offered  little  new  to  Surgeons  Pringle  or 
Duncan,  other  than  the  use  of  aircraft: 

"Last  week  I was  up  along  the  Cambodian  border.  Troop  units 
(battalions)  are  being  relocated  and  reshuffled  to  new  areas; 
often  without  any  or  enough  canteens.  Short,  i.e.,  1-3  day, 
patrols  need  continuous  air  resupply,  especially  water.  Air 
assets  are  in  critical  supply  and  are  continuously  working. 

In  the  space  of  a couple  hours  I saw  5 men  of  one  squad  dust- 
ed off  back  to  the  relocated  base  camp  and  several  others 
from  that  one  company  dusted  off  for  heat  casualties' — all 
within  a couple  hours  on  the  6th  of  May.  The  temperature 
was  hotter  than  Ifd  ever  experienced. . .in  the  adjacent  FSB 
someone  reported  126°F...as  I departed  about  4 PM  that  day, 

I heard  there  were  more  heat  casualties  on  the  way  in. 

...About  1/3  had  severe  cramps  and  2/3  had  severe  weakness, 
palpitations,  fever  and  near  collapse. . .Incidently,  this 
battalion  had  just  (couple  days  earlier)  been  moved  into 
this  area  from  their  old  base... They  had  been  fighting  in 
relatively  easy  rice  paddies  (dry  season)  and  were  now  re- 
quired to  hack  their  way  thru  thick  jungle... big  difference 
in  terms  of  energy  required." 

LTC  MC , USA 

Viet  Nam  May  1970 

Given  the  high  work  demanded,  particularly  during  the  first  few  days 
of  engagement  with  an  enemy,  and  the  inability,  given  U.S.  policy  of 
non-aggression,  to  choose  either  the  time  or  place  of  the  first 
battle,  there  is  a significant  probability  that  U.S.  troop  units  will 
again  be  required  to  move  rapidly  into  a hot  climate  and  fight  a de- 
cisive battle  within  hours  of  arrival.  The  history  of  heat  trauma  as 
a war  experience  (15)  adequately  documents  that  the  problem  will  not 
disappear.  Given  reasonably  fit,  trained  and  equipped  troops,  there 
are  two  major  physiological  factors  which  will  seriously  degrade  the 
military  operational  capacity  of  the  men;  optimum  performance  requires 
previous  heat  acclimatization  of  the  men;  it  also  requires  prior  plan- 
ning to  assure  delivery — and  ingestion — of  adequate  drinking  water. 
This  paper  addresses  these  two  facets  of  preparation  for  a units  first 
battle  in  the  heat,  and  describes  a validated  computer  prediction 
model  to  assess  the  effects  of  any  lack  of  acclimatization  and  of  any 
dehydration. 
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HEAT  ACCLIMATIZATION: 

Heat  acclimatization  is  a term  used  to  describe  changes  in  a 
number  of  different  physiological  parameters;  taken  all  together,  these 
changes  which  follow  exposure  to  heat  produce  a major  alteration  in 
the  soldier's  ability  to  work  in  the  heat  (1,9,14).  Although  the  sep- 
arate elements  in  the  heat  acclimatization  process  can  be  induced  by 
a variety  of  techniques,  as  described  below,  full  heat  acclimatization 
status  is  most  evoked: 

a.  with  moderate  work  (e.g.,  marching  with  no  load  at 
5.2  km/hr) 

b.  with  minimum  clothing,  if  not  in  direct  sunlight  (to 
avoid  the  clothing  limitation  of  evaporative  cooling, 
and  thus  prolong  march  time  before  heat  exhaustion 
occurs) 

c.  with  "luxus"  drinking  water  (enough  to  replace  sweat 
losses  and  thus  avoid  dehydration) 

d.  with  an  environmental  condition  (temperature/humidity) 
at  least  as  severe  as  that  to  be  encountered  opera- 
tionally. 

Acclimatization  to  less  severe  environments,  or  at  lower 
work  levels  than  will  actually  be  encountered  operationally,  will  pro- 
duce only  partial  heat  acclimatization  for  the  operational  situation. 
However,  because  it  requires  about  100  minutes  of  daily  work  in  the 
heat  to  produce  full  acclimatization  (with  50  minutes  clearly  less 
beneficial  and  200  minutes  producing  little  added  benefit),  the  accli- 
matization exposures  must  start  with  either  moderate  work  or  reduced 
temperature/humidity  conditions.  This  Institute's  typical  heat  accli- 
matization regimen  involves  exposure  at  49°C  (120°F),  20%  RH,  marching 
at  5.6  km/hr  for  100  minutes  (usually  two,  50  minute  marches  separated 
by  a 10'  rest  break);  the  men  wear  shorts  and  combat  boots  (or 
sneakers) . They  ingest  1/2  canteen  of  water  (500  ml)  before  the  march 
and  then  are  asked  to  drink  at  least  1/4  canteen  (250  ml)  at  the 
middle  and  end  of  each  50  minute  march  and  just  before  the  end  of 
their  10  minute  rest.  Total  water  intake  is  almost  2 full  canteens 
(1.75L)  during  the  110  minute  exposure,  which  just  about  equals  sweat 
losses,  since  sustainable  sweat  production  is  about  one  liter  per 
hour,  with  short  term  rates  of  3 to  4 L/hr  attainable. 

In  our  experience,  with  probably  over  1000  men,  even  with 
these  optimum  clothing  and  water  and  modest  work  conditions,  few,  if 
any  of  our  subjects  (modestly  fit,  garrison  troops,  18-25  years  old) 
could  complete  the  full  100  minute  march  on  the  first  day;  we  limit 
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these  experimental  exposures  when  body  temperatures  exceed  39.5°C 
(103°F)  or  heart  rates  exceed  180  to  190  b/m  and,  thereby,  experience 
no  heat  stroke  problems  and  only  transient  heat  exhaustion  episodes. 
Typically,  as  shown  in  Figure  1,  on  the  first  day  our  first  man  is  re- 
moved after  30-35  minutes  (usually  unassisted)  while  the  last  man  is 
removed  after  completing  about  half  the  second  50*  march.  A dramatic 
improvement  is  seen  on  the  second  day,  with  about  1/?  of  the  men  com- 
pleting the  march.  Each  day,  more  men  complete  the  100  minutes  and  by 
the  6th  or  7th  day  all  are  considered  "fully  acclimatized",  except  the 
usual  2 or  3%  who  appear  to  be  "unacclimatizable";  these  are  almost 
always  individuals  who  have  a low  maximum  work  capacity  (which  may  be 
a genetic  state  resistant  to  physical  conditioning,  or  may,  less  often, 
reflect  inadequate  physical  conditioning) . The  extended  tolerance 
times  reflect  decreases  in  heart  rate,  from  175  b/m  after  50’  of  the 
first  day’s  walk,  to  values  at  the  100th  minute  on  the  4th  day  of 
165  b/o;  body  temperatures  also  decrease,  from  39.5°0  at  50  minutes  of 
the  first  day  to  <39°C  at  the  end  of  the  6th  or  7th  dav.  As  a very 
crude  rule  of  thumb,  about  33%  of  the  total  benefit  from  heat  accli- 
matization is  incurred  with  one  day  of  exposure,  the  second  day  adds 
another  15-20%,  the  third  another  10-15%  and  the  fourth  through  sixth 
or  seventh  contribute  about  10%/day  to  the  fully  heat  acclimatized 
status. 


Most  of  the  mechanisms  contributing  to  this  state  are  known. 
The  improved  cardiovascular  conditioning  that  is  induced  by  working  in 
the  heat  is  a substantial  contributor;  while  hard  physical  condition- 
ing in  comfortable  environments  can  contribute  substantially,  and  we 
estimate  that  a very  fit  soldier  has  the  equivalent  of  about  three 
days  of  heat  acclimatization  (12),  the  body’s  ability  to  deal  with  the 
problem  of  distributing  its  available  blood  supply  between  working 
muscles,  where  it  picks  up  the  heat  produced,  and  a hot,  fully  vaso- 
dilated skin,  where  it  attempts  to  eliminate  this  heat,  can  only  be 
fully  developed  by  working  in  the  heat.  An  initial  increase  in  cir- 
culating blood  volume  (hemo-dilution)  during  heat  acclimatization  also 
contributes  to  the  decreased  strain  of  work  in  hot  environments;  with 
chronic  exposure  to  work  in  the  heat  (e.g.,  after  a month  or  more) 
blood  volume  appears  to  return  toward  baseline  levels.  Another  major 
facet  of  the  heat  acclimatization  process  involves  conditioning  of  the 
sweat  gland,  and  its  control  mechanisms,  to  begin  to  produce  sweat  at 
a lower  skin  temperature  (i.e.,  < 35°C)  and  to  produce  more  sweat  pet 
gland,  thus  improving  the  body’s  potential  for  sweat  evaporative  cool- 
ing; these  effects  can  be  at  least  partially  produced  simply  by  heat, 
e.g.,  in  saunas,  hot  baths  or  steam  rooms.  Another  facet  of  the  heat 
acclimatization  process  involves  an  increase  in  aldosterone  levels  so 
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that,  with  the  massive  sweating,  a more  dilute  sweat  is  produced  which 
serves  to  conserve  the  body's  sodium;  this  mechanism  can  be  at  least 
partially  evoked  simply  by  acute  restriction  of  dietary  sodium  intake, 
without  work  or  heat. 

The  benefits  of  sweat  gland  conditioning  are,  of  course, 
a greater  benefit  in  a hot— dry  (desert)  environment  than  they  would  be 
in  a hot-wet  one  (jungle  or  the  microclimate  within  a chemical  protec- 
tive clothing  system)  where  evaporative  cooling  is  less  limited  by 
sweat  availability  than  by  the  limited  capacity  of  the  humid  air  to 
hold  additional  moisture  (16) . 

DEHYDRATION: 

Dehydration  produces  as  dramatic  a degradation  of  work  per- 
formance in  the  heat  as  acclimatization  produces  an  enhancement.  As 
outlined  above,  water  intake  in  amounts  adequate  to  replace  sweat 
losses  can  involve  supplying  24L/day.  As  air  temperature  exceeds 
,v30oC  (86°F) , even  an  unclothed  man  begins  to  have  difficulty  elimina- 
ting his  resting  heat  production  (1  MET  = 50  kcal/m^  • hr  or,  for  an 
average  70  kg  soldier  = 90  kcal/h)  solely  by  radiation  and  convection; 
as  air  temperature  > 35°C,  all  the  heat  produced  by  the  body  must  be 
eliminated  bv  evaporation  of  sweat.  Heat  produced  by  the  body  during 
work  (15  kcal/min  for  short  periods  during  an  assault)  must  be  either 
eliminated  from  the  body  or  stored  in  it,  with  body  temperature  rising 
(1.8°F)  for  every  60  kcal  that  must  be  stored.  Heat  storage  of 
80  kcal  is  the  usual  voluntary  tolerance  limit,  while  heat  storage 
levels  of  160  kcal,  incurred  during  some  of  our  field  operations,  re- 
sulted in  a 50%  risk  of  heat  exhaustion  collapse;  almost  no  one  could 
continue  with  body  heat  storage  >240  kcal  (when  body  temperature  would 
be  above  41°C) . Each  gram  of  sweat  evaporated  carries  away  ^0.6  kcal 
of  heat,  so  evaporation  of  lL/hr  - the  maximum  sustainable  sweat  rate  - 
can  compensate  for  600  kcal/hr  of  heat  production;  this  is  also  about 
the  maximum  sustainable  one  hour  work  rate  for  an  average  man.  How- 
ever, if  the  sweat  is  not  evaporated  at  the  skin  surface,  the  body 
does  not  get  the  full  cooling  benefit;  with  reduced  permeability  uni- 
forms (e.g.,  the  Std  B chemical  protective  clothing  system)  the  body 
cooling  may  be  only  300  kcal  per  liter  of  sweat,  produced  at  the  skin, 
but  evaporated  at  various  points  between  the  skin  and  clothing  surface. 

Clearly,  the  demands  for  drinking  water  pose  a serious  log- 
istics problem.  Troops  can  partially  compensate  for  inadequate  re- 
placement of  sweat  losses,  up  to  a point,  by  limiting  their  subsequent 
work,  avoiding  exposure  to  sunlight,  or  in  hot  crew  compartments,  and 
performing  essential  work  during  the  coolest  parts  of  the  day  or 
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night  - if  the  mission  and  the  enemy  allow  this.  However,  Adolph  (1) 
and  others  (10)  have  clearly  documented  the  effects  of  dehydration  on 
military  performance.  Failure  to  replace  700  ml  of  sweat  loss  (i.e., 
less  than  one  hour's  maximum  sweat  production)  produces  a 1%  dehydra- 
tion for  an  average  70  kg  (154  lb)  soldier.  Man  may  have  an  extra 
1.5L  of  body  water  available,  since  dehydration  levels  up  to  2%  seem 
to  produce  little  problem.  However,  more  severe  dehydration  clearly 
limits  performance  of  hard  work:  a 6%  dehydration  (a  shorfall  of  only 
4.2L),  incurred  rapidly  (i.e.,  over  6 to  8 hours,  so  that  the  body 
does  not  have  time  to  partially  adapt  by  intercellular  dehydration)  re- 
sults in  a non-effective  fighting  man.  For  longer  exposures  (2-3 
days)  water  deficits  greater  than  10%  are  intolerable  (1,10)  and  death 
occurs  with  15  to  25%  dehydration. 

The  availability  of  drinking  water  will  not  necessarily  in- 
sure adequate  ingestion.  Troops  given  adequate  water  supplies  have 
incurred  "voluntary  dehydration"  levels  of  5%  or  more.  Thirst  appar- 
ently is  not  an  adequate  stimulus  to  avoid  such  "voluntary  dehydra- 
tion", particularly  under  the  pressures  of  field  operations,  and  there 
are  often  problems  of  palatability  because  of  the  water  temperature  or 
pretreatment  for  purity  (1).  Thus  water  discipline,  which  formerly 
implied  command  control  to  limit  water  intake  , today  implies  that 
Commanders,  by  direction,  example  and  supervision  at  the  squad  or  fire 
team  level,  must  insure  that  adequate  water  is  ingested.  Small 
amounts,  drunk  frequently  (e.g.,  every  20  to  30  minutes),  are  much 
better  and  produce  less  problems  than  infrequent  large  quantities, 
which  may  not  be  well  retained.  Reports  on  field  trials  from  Israel, 
South  Africa  and  the  U.K.,  where  heat  acclimatized,  fit  troops  were 
divided  into  3 groups,  the  first  given  no  water,  the  second  with  water 
ad  lib  and  the  third  required  to  replace  the  sweat  loss  as  measured 
at  each  halt,  all  agree  that  a march  which  cannot  be  completed  by  most 
men  without  water,  and  may  be  completed  only  with  difficulty  when 
water  is  given  ad  lib,  can  become  almost  routine  when  sweat  losses 
are  completely  replaced. 

PREDICTING  EFFECTS  OF  HEAT  ACCLIMATIZATION  AND  DEHYDRATION: 

The  factors  limiting  human  tolerance  for  work  in  the  heat 
are  well  understood  (7).  We  have  developed,  and  validated  (8)  a com- 
prehensive model  to  predict  the  metabolic  heat  production  (3,13)  and 
the  rectal  temperature  (4)  and  heart  rate  (5)  responses  to  work,  en- 
vironment and  clothing  of  fully  acclimatized,  well  hydrated  troops. 
Using  the  extensive  data  base  on  the  changes  in  these  responses  during 
acclimatization,  that  has  been  built  up  at  Natick  during  more  than 
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20  years  of  acclimatizing  hundreds  of  men  for  chamber  studies  and 
field  operations,  and  additional  data  from  the  extensive  literature  on 
heat  acclimatization,  a subroutine  was  developed  (6)  to  include  the 
range  of  zero  to  full  (i.e.,  seven  days)  heat  acclimatization  in  this 
prediction  model.  A literature  search  and  a number  of  in-house 
studies  on  the  effects  of  varying  levels  of  dehydration  were  also  con- 
ducted and  these  effects  are  now  (11)  also  able  to  be  incorporated  in 
our  predictions  of  performance  during  military  operations  in  hot  en- 
vironments. 

The  basic  model  postulates  the  existence  of  a final,  equil- 
ibrium deep  body  temperature  (Tre)  at  which  the  body  could  balance  its 
heat  production  [and  environmental  radiant  and  convective  (Hr+c)  load 
if  skin  temperature  (Ts)  is  less  than  the  temperature  of  its  surr- 
oundings (Ta) ] with  its  total  heat  losses  by  evaporation  of  sweat  [and 
by  radiation  and  convection  if  Ts  > Ta] . The  model  begins  (4)  at  a 
basic  Tre  of  36.75°C;  work  produces  a Tre  increase  of  0.4°C/100  kcal 
of  metabolic  heat  production  (M) ; Hr+c  increases  or  decreases  Tre  in 
direct  proportion  to  the  insulation  of  the  uniform  (clo)  and  the  diff- 
erence (Ts  - Ta) ; evaporative  cooling  occurs  as  an  exponential  func- 
tion of  the  difference  between  the  required  evaporation  (i.e.,  M± 
Hr+c)  and  the  maximum  possible  evaporation  allowed  by  (a)  the  evapora- 
tive permeability  of  the  uniform  worn  (im/clo)  and  (b)  the  difference 
between  the  vapor  pressure  of  sweat  at  the  skin  (Ps)  and  in  the  air 
(Pa) . The  rectal  temperature  at  which  such  an  equilibrium  could  be 
established  may  or  may  not  be  compatible  with  life,  let  alone  continu- 
ed performance;  nevertheless,  in  both  the  model  and  real  life,  the 
rectal  temperature  will  be  inexorably  driven  toward  this  equilibrium 
Tref  (4)  until  heat  stroke  occurs  (at  Tre  > 41°C)  or  until  heat  ex- 
haustion intervenes.  The  latter  is  primarily  a function  of  heart  rate 
(maximum  heart  rate  = 220  b/m  minus  age,  in  years),  and  the  model  (5) 
exploits  the  link  between  rectal  temperature  and  heart  rate  (HR)  to 
predict  heart  rate  in  the  heat  during  rest,  work  or  recovery,  with  an 
experimentally  determined,  standard  error  of  estimate  of  six  beats  per 
minute  for  groups  of  four  or  more  heat  acclimatized,  well  hydrated  men. 
Response  time  delay  factors,  and  rates  of  rise,  for  Tre  and  HR  during 
rest,  work  and  recovery  have  been  developed  and  included  in  the  model. 

The  adjustments  for  heat  acclimatization  involve  a slight 
decrease  (at  most  ^0.5°C)  in  the  initial,  resting  rectal  temperature 
(Treo)  with  heat  acclimatization,  a loss  of  1/2  day  of  heat  acclimati- 
zation status  for  every  day  without  working  in  the  heat,  a difference 
of  about  1.7°C  in  the  Tref  between  unacclimatized  (0  days)  and  fully 
acclimatized  (7  days)  troops  (i.e.,  1.5°C  plus  the  0.2°C  decrease  in 


Treo) > but  little  or  no  difference  in  the  time  constants  for  rest, 
work  or  recovery  (6) . In  summary,  unacclimatized  troops  start  with  a 
little  higher  body  temperature  (^0.2°C)  and  move  toward  higher  T ref 
levels  (by  a total  1.7°C)  in  about  the  same  time  as  acclimatized 
troops;  they  therefore  suffer  a more  rapid  rise  in  Tre.  There  is 
little  or  no  difference  with  or  without  acclimatization  in  initial 
heart  rate  but,  despite  the  difficulty  in  estimating  differences  in 
heart  rates  which  are  well  beyond  the  maximum  rates  than  can  occur 
(i.e.,  >220  b/m),  it  appears  that  the  greatest  difference  in  heart 
rate  with  or  without  acclimatization  is  about  40  b/m.  The  time  patt- 
ern of  heart  rate  response  depends,  without  reference  to  acclimatiza- 
tipn,  on  the  available  cooling  power  (4)  of  the  environment.  In  summ- 
ary, heart  rate  responses  without  acclimatization  simply  reflect  the 
more  rapid  rise  (and  thus  earlier  collapse)  associated  with  the  great- 
er strain  on  the  cardiovascular  system  of  attempting  to  achieve  an 
equilibrium  heart  rate  level  of  up  to  40  b/m  above  that  for  a fully 
acclimatized  man.  Note  that  under  conditions  of  extremely  high  humid- 
ity (whether  in  the  natural  environment  or  the  microclimate  within 
clothing  or  crew  compartments) , the  difference  between  fully  and  nan- 
acclimatized  subjects  decreases  and  reflects  primarily  the  small  diff- 
erence in  initial  Treo;  one  should,  in  fact,  expect  little  or  no  bene- 
fit from  the  additional  sweat  production  associated  with  heat  acclima- 
tization if  the  sweat  could  not  be  evaporated  (16) , 

The  adjustments  for  dehydration  that  have  been  adopted  are 
somewhat  simpler.  While  these  may  be  changed  in  the  future,  subject  to 
additional  validating  studies,  it  should  be  noted  that  the  adjustments 
for  dehydration  derived,  independently,  from  several  studies  did  not 
differ  meaningfully,  despite  the  fact  that  they  were  conducted  with 
different  subjects  and  levels  of  dehydration  over  a two  year  period. 
Hydration,  over  the  +3  to  -6%  range  studied,  does  not  appear  to  alter 
the  equilibrium  (i.e.,  final)  Tre  level  very  much,  if  at  all.  The  in- 
crease amounts,  at  most,  to  one  percent,  per  percent  dehydration,  of 
the  total  difference  for  the  fully  hydrated  state  between  the  Initial 
(Treo)  an<*  equilibrium  (Tref)  rectal  temperature;  i.e,,  if  Tref,  fully 
hydrated  is  39.35°C  [i.e,,  36.75°C  basic  + 2.6',C  from  M,  Hr+c  and 
(Ereq-Emax)  functions],  then  with  5%  dehydration,  Tref  would  only  be 
increased  by  .13°C  (i.e.,  .05  x 2.6)  and  this  is  a meaningless  differ- 
ence. As  might  be  expected,  the  effects  of  dehydration  on  heart  rate 
are  more  impressive,  with  the  index  of  heart  rate  used  to  compute  the 
actual  heart  rate  increased  by  6%  per  percent  dehydration.  The  time 
patterns  for  rates  of  rise  of  both  rectal  temperature  and  heart  rate 
are  also  dramatically  increased  by  dehydration,  about  10%  per  percent 
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dehydration;  recovery  after  work  is  delayed  exponentially,  with  a 6% 
dehydration  almost  doubling  recovery  time, 

APPLICATION  OF  THE  MODEL: 

Two  field  studies,  one  involving  U.S.  and  the  other  U.K. 
troops  have  been  selected  for  examples  of  how  this  predictive  model 
can  be  used  for  analysis.  The  U.S,  study  (9),  a controlled  field 
trial,  involved  a paratroop  platoon,  first  physically  conditioned  by 
walking  8.7  km  (14  miles)  per  day,  then  all  exposed  to  one  day  (Tl)  of 
a one  hour  march  at  5.6  km/hr  at  40°C  (105°F)  50%  RH.  The  men  then 
divided  into  two  groups;  an  "unacclimatized"  control  group  continued 
to  train  by  marching  8.7  km/day  for  12  days  (interrupted  for  weekends) 
at  18®C  (65°F),  50%  RH;  the  other  half  of  the  platoon  performed  the 
same  march  at  increasing  temperatures,  the  first  three  days  at  40°C, 
the  next  at  43,3°,  the  next  at  46°  and  the  last  three  at  49°C.  All 
men  were  then  exposed  again  (T2)  to  the  one  hour,  5,6  km  march  at 
40°C,  50%  RH.  The  actual  difference  in  rectal  temperatures  after  45 
minutes  of  T2  was  0.14°C  between  the  heat  acclimatized  troops  and 
those  that  simply  had  been  physically  conditioned;  assuming,  as  indi- 
cated above,  that  physical  conditioning  imparts  the  equivalent  of  3 
days  of  heat  acclimatization,  the  predicted  difference  at  the  end  of 
45  minutes  is  0.16°C  (for  the  march  rate,  load  carried,  uniform  worn 
and  environmental  exposure  used  in  this  chamber  phase  of  the  study). 
The  entire  platoon  was  then  flown  to  Fort  Kobbe,  C.Z.  and  the  next 
day  marched  as  a unit  over  an  11  mile  trail  course  at  6.4  km/hr 
(4  mph) , with  10  minute  "rest  breaks"  each  hour,  during  which  rectal 
temperature  and  heart  rate  measurements  were  taken.  The  model  was 
programmed  to  predict  rectal  temperature  during  the  march;  the  report- 
ed T^  (31. 1°C/88°F) , RH  (54%),  uniform  (fatigues),  load  (9  kg  + cloth- 
ing), work  schedule  (50*  march,  10*  rest)  and  adequate  water  (0%  de- 
hydration) were  used  and  a dirt  terrain  (terrain  factor  1*1  compared 
to  1.0  for  a blacktop  road),  1%  grade  and  0.89  ra/3  (2mph)  wind  were 
assumed.  The  predicted  rectal  temperature  responses  for  troops  with 
7 days  of  acclimatization,  and  with  the  equivalent  of  3 days  (induced 
by  physical  conditioning),  are  shown  in  Figure  2.  Despite  the  con- 
founding of  the  fact  that  the  actual  data  was  measured  during  the  10 
minute  rest,  when  it  is  predicted  that  rectal  temperatures  should  have 
been  dropping  rapidly,  both  the  absolute  levels  of  predicted  tempera- 
tures and  the  predicted  difference  between  the  acclimatized  (7  day) 
and  non-acclimatized  but  physically  conditioned  (2*  3 days)  troops  show 
good  agreement  between  the  predicted  values  and  those  measured  15 
years  ago. 

The  data  base  for  the  U.K.  Study,  an  operational  field 
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Figure  2.  Observed  (lines)  and  predicted  (3,7)  Tre  for  fully  and  non-acclimatized  troops 
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trial  on  the  effects  of  travel  fatigue  and  tropical  conditions  on  the 
> military  efficiency  of  unacclimatized  parachute  troops  during  the 

first  three  days  (14),  is  less  adequate  for  prediction.  The  troops 
5 were  of  varied  fitness  and  were  judged  to  be  slightly  below  the  aver- 

age of  the  Regiment  from  which  they  were  drawn.  Only  task  performance, 
casualty  occurrence  and  morale  were  assessed  and  march  rate  was  not 
uniform  during  the  22,5  km  (14  mile)  marches  which  were  supposed  to  be 
completed  in  four  hours;  the  march  started  within  7 hours  of  the  land- 
ing in  Singapore  after  a 43  hour  flight  with  "rest"  times  of  from  7- 
1/2  to  14-1/2  hours  (average  of  11  hours) ; state  of  hydration  is  un- 
certain, with  ^15%  vomiting;  by  the  end  of  the  second  hour,  25%  of  the 
51  men  participating  were  "in  difficulty",  and  10%  had  already  been 
withdrawn;  there  were  more  problems  with  the  soldiers  feet  than  with 
the  heat.  Accordingly,  while  the  best  estimates  for  the  various  in- 
put parameters  to  the  model  were  selected  using  the  actual  field  op- 
, eration,  the  projected  results  primarily  present  the  opportunity  to 

contrast  the  effects  of  zero  and  three  days  of  heat  acclimatization 
with  and  without  progressive  dehydration  incurred  during  the  march. 

A constant  march  rate  (6.4  km  or  4 miles  per  hour)  over  a 
dirt  road  (1*1  terrain  factor),  with  30  kg  loads  at  29.4°C  (85°F) , 

70%  RH,  were  used  as  inputs  to  predict  rectal  temperature  (Figure  3) 
and  heart  rate  (Figure  4)  responses  of  average  troops  without  accli- 
matization and  with  3 days  of  acclimatization  (whether  induced  by  pro- 
longed physical  conditioning  or  by  3 days  of  heat  acclimatization) , 
without  dehydration,  or  with  progressive  dehydration  (1st  hour  = 0, 

2nd  hour  1%,  3rd  hour  2%  and  4th  hour  3%)  either  as  a result  of  inade- 
quate water  availability  or  inadequate  command  control  to  insure  that 
sufficient  water  is  drunk  to  replace  sweat  losses.  The  clear  separa- 
tion of  the  four  curves,  and  reflection  on  the  fact  that  Tre  levels 
above  39.5°C  and  HR  levels  approaching  180  b/m  are  incompatible  with 
continuation  of  activity,  provide  a strong  recommendation  for  optimum 
physical  condition,  heat  acclimatization  and  hydration  of  troops  ex- 
pected to  operate  effectively  during  their  first  battle  in  the  heat. 
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INTRODUCTION:  This  paper  presents  the  theoretical  basis  and 
initial  experimental  results  of  a new  concept,  technique,  and  method 
for  measuring  and  evaluating  camouflage  in  a scientific  and  quantita- 
tive manner.  Although  methods  for  precise  measurement  of  color  and 
contrast  have  existed  for  sane  time,  the  evaluation  of  the  combined 
effect  of  contrast  reduction,  patterns,  natural  foliage,  and  other 
shape  disruption  methods  has  remained  a subjective  judgment  on  the 
part  of  the  camouflage  specialist.  Thus,  the  quantitative  evaluation 
of  camouflage  on  a scientific  basis  will  provide  an  important  and 
valuable  solution  to  a unique  military  problem. 

The  concept,  technique,  and  method  presented  herein  can  be  used 
to  provide  the  Army  with  a new  capability  to  scientifically  measure 
and  evaluate  this  heretofore  subjective  quantity.  It  is  expected  to 
provide  a valuable  tool  to  the  research  camouflage  specialist  in  its 
present  state  of  development  and  with  further  development  should  pro- 
vide essential  and  valuable  information  to  the  military  commander  in 
the  field. 

The  concept  and  technique  is  based  on  the  Fourier  transform  of 
an  image,  and  the  method  uses  one  of  the  most  recent  advances  in  sur- 
face acoustic  wave  (SAW)  technology  together  with  modem  communica- 
tions technology  to  obtain  the  camouflage  signature  measurement  (CSM) 
of  military  objects.  This  SAW  device  produces  an  analog  (RF)  electri- 
cal signal  containing  the  Fourier  transform  (including  amplitude, 
frequency,  and  phase)  of  the  spatial  frequencies  contained  in  a 
conventional  image. 
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This  work  originated  and  was  performed  in-house  at  the  U.  S. 

Army  Engineer  Topographic  Laboratories,  under  the  ILXR  program.  It 
is  actually  a by-product  of  what  has  become  a long-range  program  on 
feature  extraction  and  image  analysis . Camouflage  is  treated  as  the 
inverse  of  feature  extraction.  It  has  become  difficult  to  treat  one 
to  the  exclusion  of  the  other.  Hence,  reference  at  time  will  be  made 
to  feature  extraction  as  well  as  camouflage  signature  measurement. 

CAMOUFLAGE  SIGNATURE  MEASUREMENT  (CSM) : A definition  of  "camouflage" 
is  "the  disguising  of  an  ins'  llation,  vehicle,  gun  position  or  ship 
with  paint,  garnished  nets,  or  foliage  to  reduce  its  visibility  or 
conceal  its  actual  nature  or  location  from  the  enemy."  (1) 

The  hypothesis  taken  in  this  paper  is  that  camouflage  is  the 
hiding  or  disquising  of  the  shape  and  characteristic  features  which 
provide  a characteristic  signature  of  a feature  or  object.  In  other 
words , those  camouflage  measures  which  cause  a change  in  the  spatial 
frequency  pattern  of  the  object  are  considered  in  this  paper. 

The  reasoning  which  led  to  the  concept  presented  herein  is  that 
camouflage  and  feature  extraction  are  mutual  inverses,  and  that  both 
are  signal- to-noise  problems.  In  communications  terminology,  camou- 
flage is  the  addition  c'f  noise  and/or  the  distortion  of  the  character- 
istic signature  signal  of  an  image  while  feature  extraction  is  the 
extraction  of  a desired  signature  signal  from  a noisy  signal.  Thus, 
feature  extraction  becomes  a very  difficult  cross-correlation  prob- 
lem while  the  measurement  of  camouflage  becomes  a relatively  less 
difficult  problem  of  measuring  the  amount  of  noise  and  distortion 
added  to  the  known  signature  spectrum,  i.e.,  the  overall  reduction  of 
the  signal-to-noise  ratio  and  the  addition  or  deletion  of  pronounced 
spatial  frequencies  in  the  signature  spectrum. 

If  a theoretical  basis  and  physical  means  for  measuring  the 
characteristic  signature  of  a feature  or  object,  and  the  change  in  the 
characteristic  signature  resulting  from  camouflage  can  be  found  and 
demonstrated;  then  we  will  have  justified  the  hypothesis  and  will  have 
established  the  basis  for  a quantitative  measurement  of  camouflage. 

THEORETICAL  BASIS:  The  theoretical  basis  for  the  concept  is  the 
Fourier  Theorem  and  the  Fourier  transform.  Fourier's  Theorem  has  been 
described  as  "not  only  one  of  the  most  beautiful  results  of  modem 
analysis,  but  also  furnishes  an  indispensable  instrument  in  the  treat- 
ment of  nearly  every  recondite  question  in  modem  physics."  (2) 

Ttie  key  Fourier  relationships  which  provide  the  basic  groundwork 
for  camouflage  signature  measurement  (CSM)  will  be  presented.  Proofs 
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of  and  details  on  the  Fourier  transform  and  its  properties  can  be 
found  in  various  texts.  A few  references  are  (2)  thru  (6).  Hence, 
complete  details  are  omitted  in  order  to  take  the  key  formulas  and 
properties  essential  to  this  paper  as  a point  of  departure. 

The  Fourier  Theorem  states  that  a function  f (x) , of  spatial  per- 
iod X,  can  be  synthesized  as  a sum  of  harmonic  functions  whose  wave- 
lengths are  integral  submultiples  of  X (i.e.,  X,  X/2 , X/3.  etc.)  In 
other  words,  if  f (x)  is  a periodic  function  of  wavelength  X,  it  can 
be  represented  by  a Fourier  series  of  the  form: 

(1)  f (x)  = + Cj  cos(2ttx/X  + 4>j)  + c2  cos  (4ttx/X  + (j>2)  +.  . . 

Another  representation  of  the  Fourier  series  is : 
oo  oo 

(2)  f (x)  = (Aq/2)  + Z Am  cos  mkx  + ^ sin  mkx 

m=  1 1 

where  A m,  are  the  amplitudes  of  the  various  harmonic  components 

as  indicated  by  "m"  which  has  the  values  0,1,2,...,  and  the  wave 
number  k = 2tt/X  where  "X"  is  the  wavelength  or  spatial  period  of  the 
periodic  function,  not  an  optical  wavelength. 

Another,  more  compact  representation  using  exponential  notation 

i.6 ; 

m=+«o 

(3)  f (x)  •*  Z C exp(jmkx) 

m 

m=-oo 

where  represents  the  amplitude  of  each  harmonic  component. 

The  Fourier  integral  and  the  Fourier  series  are  alternative  ex- 
pressions, the  integral  being  the  limiting  case  of  the  series.  It  can 
be  approached  from  the  side  of  the  series  by  allowing  the  spatial 
repetition  to  extend  to  infinity  and  considering  only  one  period  of 
the  function.  Thus,  we  can  write  any  function,  no  matter  how  complex, 
as : I 

00 

(4)  f (x)  = 1 1/2 it ) / F (k)  exp(jkx)  dk 

— 00 

remembering  that  we  are  integrating  over  submultiples  of  a single 
period,  i.e.,  all  k-values  become  the  higher  and  higher  harmonics 
required  to  represent  one  period  of  the  function. 

Now  F(k)  is  referred  to  as  the  Fourier  transform  of  f(x)  and  is 
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written  as : 

00 

(5)  F (k)  = / f (x)  exp(-jkx)  dx 


The  one-dimensional  Fourier'  transform  is  an  important  tool  and 
is  sufficient  for  many  scientific  applications.  However,  some  prob- 
lems are  multidimensional  in  nature,  e.g.,  image  analysis  and  process- 
ing. Therefore,  we  generalize  the  Fourier  transform  to  the  two- 
dimensional  spatial  domain  as  follows : 


(6)  f(x,y,)  = [l/(2ir)2]  //  F (kj_,  k2)  exp[j  (kjx  + k2y)]  dk^  dk2  ‘ 

— CO 

and 

oo 

(7)  Ffk^  k2)  = ff  f (x,y)  exp[-j  (k  x + k2y)]  dx  dy  1 

— 00 

where  k^  is  the  wave  number  in  the  "x"  direction  and  k2  is  the  wave 
number  m the  "y"  direction. 

We  now  present  the  Addition  Theorem,  or  superposition  property, 
and  the  linearity  property  of  Fourier  transforms.  Any  two  functions, 
af  (x) , and  bg(x),  will  have  Fourier  transforms  aF(k),  and  bG(k), 
respectively.  Also,  the  sum  of  the  functions,  af  (x)  + bg(x),  has  the 
Fourier  transform,  aF(k)  + bG(k). 

oo  oo  ' 

(8)  f [af(x)  + bg(x)]  exp(-jkx)  dx  = / af  (x)  exp(-jkx)  dx 

— 00  —00 

00 

+ / bg(x)  exp(-jkx)  dx 
— 00 

= aF (k)  + bG (k) 

This  superposition  property  means  that  the  spectrum  of  a linear 
sum  of  functions  is  the  linear  sum  of  their  spectra.  If  the  spectra 
are  complex,  the  usual  rules  of  addition  of  complex  quantities  apply. 

Further,  any  function,  as  in  our  case  an  image,  can  be  regarded  as  a 
sum  of  component  parts  and  the  spectrum  is  the  sum  of  the  component 
spectra. 

These  separate  frequency  components,  each  with  their  individual 
specific  amplitudes  and  phases,  make  up  the  spatial  frequency  signa- 
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ture  of  the  function.  Note  Eq.  (1).  Therefore,  if  the  function  is 
an  image,  we  have  the  signature  of  the  image.  By  applying  the  super- 
position principle  to  the  camouflage  situation,  we  take  the  view  that 
a military  object  is  one  generalized  function  and  camouflage  is  an- 
other generalized  function.  Hence,  the  signature  spectrum  of  the 
"camouflage,"  (e.g.,  patterns,  foliage,  other  shape  disruption  mea- 
sures) is  added  to  the  signature  spectrum  of  the  object.  That  is,  the 
camouflage  spatial  frequencies , with  their  individual  amplitudes  and 
phases,  are  added  to  the  spatial  frequencies  of  the  original  object. 
Note  Eq.  (8).  Actually,  some  of  the  original  image  will  probably  be 
obscured  (by  foliage,  for  example).  In  any  case,  the  result  will  be 
the  addition  of  new  frequency  components;  and,  because  of  phase  rela- 
tionships and  obscuration , the  amplitudes  of  old  frequency  components 
will  be  increased,  decreased,  or  perhaps  eliminated  entirely.  This 
change  is  a direct  result  of  the  addition  of  the  camouflage  measure. 

Thus,  if  an  image  is  changed  by  the  addition  of  shape  disrup- 
tive camouflage  measures,  then  the  Fourier  transform,  i.e.,  the 
spectrum  of  the  image,  will  also  be  changed  accordingly.  Hence,  if 
the  frequency  signature  components  can  be  identified  and  the  change 
in  amplitude  of  each  signature  frequency  component  can  be  measured 
quantitatively,  then  the  sum  of  these  changes  can  be  used  as  a quan- 
titative measure  of  the  overall  effect  of  the  camouflage  on  the 
signature  of  the  object. 

This  key  point  is  fundamental  to  this  concept.  It  is  based  on 
Eqs . (1)  thru  (8);  where  any  function  even  one  as  complicated  as  an 

image,  can  be  specified  by  a summation  of  frequencies  each  having 
specific  amplitudes  and  phases.  The  theoretical  basis  for  the  scien- 
tific and  quantitative  measurement  of  "camouflage"  has  now  been 
presented. 

METHOD:  At  this  point,  -we  switch  from  Fourier  transform  theory  to 
communications  theory  and  technology.  It  is  now  assumed  and  later 
demonstrated  that  the  spatial  frequencies  of  the  image  can  be  con- 
verted into  real  RF  sinusoidal  frequencies  as  used  in  standard  RF 
communications  systems.  The  powers,  i.e.,  the  amplitudes  and  changes 
in  amplitudes,  of  RF  frequencies  for  communications  applications  are 
conveniently  measured  in  terms  of  signal-to-noise  ratios  (SNR)  in 
decibels  (db) . Hence,  if  we  wish  to  know  the  strength  of  a signal 
after  operating  on  it  in  some  way,  as  with  an  antenna  of  a certain 
size , we  simply  add  the  gain  of  the  antenna  in  db  to  the  strength  of 
the  signal  which  impinges  on  the  antenna;  and  conversely,  if  a receiv- 
er amplifier  has  a certain  noise  figure  (NF) , we  simply  subtract  the 
NF  in  db  from  the  strength  of  the  signal.  This  same  approach  can  now 
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be  adopted  in  the  case  of  camouflage  signature  measurement. 

However,  since  we  are  dealing  with  a complete  spectrum  of  fre- 
quencies, we  should  measure  the  effect  on  each  frequency  in  the  spec- 
trum of  the  image.  This  would  be  logical  if  the  complete  image  was 
to  be  reconstructed.  Returning  to  Fourier  theory,  we  know  that  the 
magnitude  of  any  given  spatial  frequency  is  an  indication  of  its 
importance  in  the  image.  Therefore,  if  we  select  only  those  frequen- 
cies which  have  a significant  amplitude  or  change  in  amplitude,  we 
will  have  reduced  the  total  amount  of  data,  i.e.,  the  spectrum,  to  be 
considered,  and  still  have  retained  the  most  significant  information 
about  the  image.  Just  as  we  added  the  separate  Fourier  frequencies, 
again  recall  Eqs.  (1)  thru  (8),  to  get  the  original  function,  we  will 
now  add  the  changes  in  each  principal  Fourier  frequency  conponent  in 
db  to  get  the  "overall"  change  in  the  image  due  to  camouflage  (i.e., 
patterns,  foliage,  etc.).  "Overall"  is  placed  in  quotation  because 
only  the  principal  frequencies  are  used. 

The  method  for  applying  this  concept  is  illustrated  schemati- 
cally in  Figure  1.  It  anticipates  the  DEFT  device  and  presents  the 
experimental  results  in  an  idealized  manner  based  on  the  theory.  In 
this  idealized  case,  the  noncamouflaged  tank  has  seven  principal 
Fourier  spectral  components,  whose  amplitudes  in  db  are:  3,  5,  5,  8, 
7,  10,  and  10.  When  camouflage  is  added,  the  amplitudes  of  the  orig- 
inal spectral  components  become:  0,  3,  7,  6,  4,  8,  and  8 db.  In 
addition,  four  new  components  are  created  as  indicated  by  the  dashed 
lines.  These  spectral  components  have  amplitudes  3,  5,  6,  and  £ db. 

The  general  amplitude  reduction  of  the  majority  of  the  original 
spectral  components  is  attributed  to  an  overall  contrast  reduction, 
while  the  elimination  of  one  spatial  component  and  the  addition  of 
four  new  components  is  attributed  to  the  addition  of  new  spatial 
frequencies  by  the  camouflage.  The  amplitude  increase  of  one  compo- 
nent (i.e.,  the  third  component  went  from  5 db  to  7 db)  is  attributed 
to  a reinforcement  of  that  spatial  frequency  by  the  camouflage. 

Since  this  is  a change  in  the  original  spatial  frequency  spectrum, 
it  is  considered  to  be  beneficial  as  far  as  camouflage,  i.e.,  signa- 
ture distortion,  is  concerned.  Hence,  the  total  spatial  frequency 
change  in  the  image  signature  due  to  camouflage  is  36  db.  This 
quantitative  measurement  could  also  be  expressed  as  a percentage 
change  due  to  camouflage,  i.e.,  (36  db)  / (48  db)  =•  75%. 

It  is  anticipated  that  future  work  in  feature  extraction  may  be 
able  to  convert  these  numbers  into  a "visibility  range"  in  meters. 
This  would  be  the  distance  beyond  which  the  unaided  eye  would  not  be 
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able  to  "see"  the  target.  The  method  for  a quantitative  measurement 
of  camouflage  has  now  been  described  in  an  idealized  manner. 


DEFT 

Device 


Figure  1.  Camouflage  Signature  Measurement  (CSM)  Concept.  A non- 
camouflaged  tank  and  a camouflaged  tank  are  viewed  by  a Direct  Elec- 
tronic Fourier  Transform  (DEFT)  device  about  the  size  of  a 35-mm 
camera  to  obtain  the  spatial  frequency  signature  of  each  image.  The 
total  change  in  spatial  frequency  signature  is  a quantitative  mea- 
surement attributable  to  camouflage. 

DEFT  TECHNOLOGY:  DEFT  technology  combines  acoustics,  optics,  and 
electronics  in  a unique  manner  to  produce  the  Fourier  transform  of 
conventional  images  directly  in  the  form  of  an  analog  (RF)  electrical 
signal.  This  technology  is  believed  to  have  a multitude  of  potential 
applications  in  addition  to  camouflage  signature  measurement. 

The  discovery  and  advancement  of  DEFT  technology  is  a result  of 
the  work  of  two  professors,  Dr.  P.G.  Komreich  and  Dr,  S.T.  Kowel  at 
Syracuse  University.  Their  work  was  recommended  for  Army  sponsorship 
by  the  Advanced  Concepts  Team  (ACT) , D.A.  The  sponsoring  agency  is 
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the  Night  Vision  Laboratory  with  technical  support  from  the  US  Army 
Engineer  Topographic  Laboratories.  A schematic  of  a device  which 
represents  an  early  experimental  prototype  of  this  technology  is 
illustrated  in  Figure  2.  This  type  of  device  was  used  for  experi- 
mental results  in  this  paper. 


TO  PHASE  SYNCHRONOUS  DETECTOR 


Figure  2.  Schematic  of  an  early  experimental  Direct  Electronic 
Fourier  Transform  (DEFT)  device.  (After  Komreich,  P.G.,  Kowel,  S.T., 
et  al,  "DEFT:  Direct  Electronic  Fourier  Transforms  of  Optical 
Images,"  Proc.  IEEE,  vol.  62,  PP  1072-1087,  Aug.  1974). 

Significant  advances  in  this  technology  beyond  that  illustrated 
in  Figure  2 have  already  been  made.  Devices  have  been  fabricated  with 
piezoelectric  substrates  and  with  dual  SAW's  for  two-directional 
scanning  at  higher  frequencies,  i.e.,  30-MHz  range  as  compared  to  the 
6.0-MHz  limit  of  devices  as  shown  in  Figure  2.  It  can  also  be  recog- 
nized that  all  solid-state  construction  and  low  power  requirements  for 
DEFT  devices  offer  great  potential  for  use  in  the  Army  field  environ- 
ment. Present  DEFT  devices  can  operate  on  a 9-volt  transistor 
battery . 

Space  does  not  permit  detailed  discussion  on  DEFT  technology. 
However,  technical  details  can  be  found  in  references  (7)  thru  (10). 

A very  concise  description  would  be  to  say  that  the  strain  induced 
by  a propagating  SAW  causes  a variation  in  the  conductance  of  a 
photoconductive  material.  This  variation  in  conductance  is  spatial 
over  the  whole  surface  of  the  photoconductor  and  also  temporal  in 
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accordance  with  the  speed  of  sound  on  the  surface  of  the  substrate. 
When  the  spatial  frequency  pattern  of  the  conductance  matches  that  of 
one  of  the  component  frequencies  of  the  image,  then  an  incremental 
analog,  a.c.  photocurrent  at  that  frequency  is  generated.  These 
incremental  currents  are  picked  up  by  a very  fine  grid  of  interdigi- 
tal electrodes  which  are  deposited  with  integrated  circuit  technology. 
If  the  SAW  is  sinusoidal,  swept  in  frequency,  and  if  synchronous 
detection  is  used,  such  as  a sweep  generator  together  with  a network 
analyzer,  the  resulting  output  is  an  RF  signal  with  frequencies 
corresponding  to  the  spatial  frequencies  of  the  image.  This  output 
is  shown  in  references  (7)  thru  (10)  to  be  the  Fourier  transform  of 
the  image  intensity  pattern  I(Xyj.  It  is  obtained  in"real  time"  and 
of  the  form: 

(9)  i(ac)  “ 1 (x,y ) e*p[-j<kix  + ^ dy 

NOTE:  Other  technologies,  such  as  computer  or  coherent  optical  tech- 
nologies, are  not  precluded  but  have  not  been  investigated  for  this 
application.  The  Digital  Image  Analysis  Laboratory  (DIAL)  and  the 
Recording  Optical  Spectrum  Analyzer  (ROSA)  could  provide  candidate 
methods  for  investigation.  The  size,  cost,  and  complexity  of  such 
systems  seem  to  make  them  more  appropriate  for  laboratory  use  than 
for  general  use  in  the  Army  field  environment. 

EXPERIMENTAL  RESULTS:  The  experimental  arrangement  and  close-up 
views  of  the  experimental  DEFT  device  are  shown  in  Figure  3.  Experi- 
ments were  performed  with  scale  models  (Figure  3»a)  and  also  with 
photographs  of  scale  models  (Figure  3.  b)  with  varying  amounts  of 
camouflage.  The  measurement  equipment  consists  of  the  DEFT  device, 
the  sweep  generator,  and  the  network  analyzer  which  can  be  seen  on 
the  right  sides  of  Figures  3.  a and  b.  A close-up  view  of  the  DEFT 
device  is  shown  in  Figure  3.c,  and  an  internal  view  is  shown  in 
Figure  3-d. 

Sample  results  obtained  with  this  experimental  device  are  il- 
lustrated in  Figure  4.  This  figure  shows  a tank  with  increasing 
amounts  of  camouflage  from  the  worst  case  situation  of  "zero  camou- 
flage," i.e.,  maximum  contrast  situation  of  a dark  tank  against  a 
white  background,  to  a reduced  contrast  situation  of  a dark  tank 
•gainst  « dark  background,  then  a textured  background  and  "camou- 
flage fcliage"  covering  the  comers  of  the  tank.  The  "camouflage 
f . . « j*  ''  ; - ; i hen  and  the  textured  background  consists  of  shredded 
•I  - >r.  w u»»d  l W'del  builders. 

**  • -r  ipatial  frequency  spectrum  (i.e.,  camouflage  signa- 


(c)  (d) 

Figure  3.  Experimental  arrangement  and  close-up  views  of  the 
e:  oerimental  DEFT  device  used  for  making  Camouflage  Signature 
Measurements  in  the  laboratory  with  scale  models  (a)  and  with 
photographs  of  scale  models  (b) . The  sweep  generator  and  net- 
work analyzer  are  on  the  extreme  right  of  (a)  and  (b) . A close- 
up  view  of  the  DEFT  device  is  shown  in  (c)  and  an  internal  view 
is  shown  in  (d) . 


r~  ■ 


y u 


J* 

*■»  V, 


‘i  I 


■Kr-l 

Ml 


■:f  \ 


wXs 


6 MHZ 


Figure  4.  Tanks  and  corresponding  signatures  (i.e.,  Fourier  spatial 
frequency  spectra)  for  Camouflage  Signature  Measurement:  (a)  Worst 
case  (zerr  camouflage)  dark  tank  with  white  background;  (b)  Dark 
tank  with  dark  background;  (c)  Dark  tank  with  "foliage"  background 
and  camouflage  foliage  on  comers. 
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ture)  is  shown  beside  each  camouflage  configuration.  The  horizontal 
, axis  is  frequency  from  0.1  to  6.0  MHz  which  is  the  bandwidth  limit  of 

. the  DEFT  and  the  vertical  axis  is  amplitude  in  decibels  (db) . These 

i camouflage  signatures  are  photographs  of  the  CRT  display  of  the  net- 

work analyzer.  Unfortunately,  the  graticule  is  not  visible  and  a 
great  amount  of  detail  is  lost  in  the  reduction  and  reproduction  pro- 
cesses. Therefore,  the  principal  frequencies  are  identified  in  Figure 
; 4.  Cnly  those  frequencies  whose  amplitudes  or  changes  in  amplitude 

are  5 db  or  more  were  selected  as  the  principal  spatial  frequency 
components . 

Table  1 contains  a list  of  the  principal  spatial  frequency  com- 
ponents, their  amplitudes  in  terms  of  SNR  based  on  adjacent  noise 
levels,  and  the  change  in  SNR  of  each  spatial  frequency  component. 
Parentheses  are  used  to  indicate  certain  frequency  components  that 
were  not  considered  significant  until  they  became  stronger  and  more 
significant  under  the  influence  of  camouflage  measures.  The  initial 
value,  marked  with  an  asterisk,  given  for  these  frequencies  is  based 
on  the  initial  signal  level,  i.e.,  the  "noise"  level  at  that  fre- 
quency, in  order  to  provide  a reasonable  reference  level  for  subse- 
quent comparison.  The  need  for  such  a reference  is  apparent  by  not- 
ing the  changes  at  5 . 3 MHz.  The  plus  and  minus  signs  following  the 
change  in  SNR  indicate  whether  the  amplitude  of  the  spatial  fre- 
quency increased  (+)  or  decreased  (-)  as  a result  of  "camouflage." 

Using  the  method  presented  herein,  the  interpretation  to  be 
applied  to  the  numbers  contained  in  Table  1 is  as  follows:  In  Case  2 
(note  Figure  4.b)  where  there  is  a contrast  reduction  due  to  a better 
match  with  the  background,  there  is  a 56-db  improvement  in  camouflage 
(i.e.,  H-Factor)  or  a 36%  improvement  over  Case  1 (i.e.,  56  db/ 

156  db). 

In  Case  3 (note  Figure  4.c)  where  texture  has  been  added  to  the 
background  and  where  the  comers  together  with  parts  of  the  front, 
back,  and  side  edges  of  the  tank  have  been  disrupted  with  "camouflage 
foliage,"  there  is  a 68-db  improvement  in  camouflage  over  Case  2 and 
a 114-db  improvement  over  Case  1.  These  translate  into  improvements 
of  45%  (i.e.,  68  db/150  db)  and  73%  (i.e.,  114  db/156  db) , 
l respectively. 

Such  types  of  measurements  should  be  very  significant  to  the 
tactical  field  commander  and  those  interested  in  the  "bottom  line" 
for  camouflage  evaluation.  Changes  in  the  individual  Fourier  spatial 
frequency  components  can  be  expected  to  provide  a great  amount  of 
insight  for  the  camouflage  specialist  in  understanding  the  effect  of 
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various  camouflage  measures.  It  is  also  by  studying  the  structure 
and  changes  in  structure  of  these  same  spatial  frequencies  that  in- 
sights into  feature  extraction  can  be  expected. 

CONCLUSIONS:  It  is  concluded  that  a valid  theoretical  basis  and  a 

valid  method  have  been  presented  for  the  scientific  and  quantitative 
measurement  of  those  camouflage  measures  which  are  designed  to  disrupt 
the  shape  of  an  object  or  reduce  its  contrast  with  its  background. 

It  is  further  concluded  that  DEFT  technology  makes  the  method  adapt- 
able for  use  in  the  tactical  Army  environment  as  well  as  the  research 
laboratory.  It  is  believed  that  this  concept  and  method  opens  the 
door  and  is  an  initial  step  toward  making  camouflage  a military 
science  as  well  as  a military  art.  As  such,  this  effort  is  believed 
to  be  a significant  advance  toward  fulfilling  the  words  of  Lord 
Kelvin,  "When  you  can  measure  what  you  are  speaking  about,  and  express 
it  in  numbers,  you  know  something  about  it;  but  when  you  cannot 
express  it  in  numbers,  your  knowledge  is  of  a meager  and  unsatisfac- 
tory kind  . . . . " 

A word  of  caution  is  required.  This  concept,  technique,  and 
method  requires  understanding  on  the  part  of  the  user.  It  cannot  be 
applied  blindly,  without  training  and  experience  in  camouflage.  It 
is  actually  a sophisticated  tool,  and  like  all  tools,  it  requires 
understanding  and  judgment  in  its  use.  In  the  hands  of  the  skilled 
camouflage  specialist,  it  could  lead  to  new  insights  into  what  pro- 
duces "good"  camouflage  and  perhaps  a scientific  basis  for  the  design 
of  new  camouflage  measures. 
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1.  Introduction 

Reflection  and  transmission  of  electromagnetic  waves  at 
boundaries  between  dielectric  media,  and  reflection  at  highly  conduct- 
ing boundaries  have  been  treated  extensively  in  the  literature  for 
years.  Usually  approximations  have  been  made  to  fit  the  special  case 
under  discussion.  When  dealing  with  good  dielectrics,  the  conductivi- 
ty is  usually  neglected  and  for  highly  conducting  materials  the  die- 
lectric constant  is  neglected.  Almost  always,  the  permeability  is 
considered  to  be  equal  to  that  of  free  space.  Between  these  limiting 
cases,  there  are  a host  of  materials  in  which  all  three  constitutive 
parameters,  permeability,  permittivity,  and  conductivity  should  be 
considered . 

The  fact  that  any  one  or  all  three  of  these  parameters  can 
be  complex  generates  the  following  interesting  situation.  Assume 
e = e’-je",  a = a'-ja"  and  y = y’-jy",  In  a conducting  medium  the 
apparent  dielectric  constant  is  e = e-jo/io  = (e  ' -a"/w)-j  (e"+a  ' /w)  , (1) 
where  io  = 2irf,  Thus,  if  a'  and  o"  are  of  the  same  sign  as  e'  and  e", 
the  real  part  of  dielectric  constant  appears  to  be  decreased.  Further, 
Landau  and  Lifshitz1  have  shown  that  y"  and  e"  must  always  be  positive, 
but  that  there  is  no  physical  restriction  on  the  sign  of  y'  or  e'.  It 
can  also  be  shown  that  o'  must  also  always  be  positive  by  noting  that 
the  total  heat  dissipated  per  unit  time  and  volume,  in  a conducting 
medium  is  „ „ 

Q = m/2  |y"H2+E"E2+2-  E2|  (2) 


where  'v  indicates  the  time  average  of  the  fields.  Hence,  o',  y",  and 
e"  must  all  bo  positive  to  insure  that  the  medium  heats  up  rather  than 
cools.  In  this  paper  the  following  constitutive  parameters  will  be 
used. 


/ 


f 


HARRIS 


4 = 4Q(4^-j4^)  = Uo|4r|eJ 

(3) 

.0e 

eT=  Eo(er-ja/a)Eo)  = 

(A) 

= eo£^  ( 1— j tan<5) 

(5) 

-7  -9 

Here  4 = 4ttxI0  H/m,  and  e = (1/36tt)x10  F/m  in  MKSQ  dimensions  and  ( 

units.  The  term  tan  6 is  tfte  loss  tangent.  The  subscript  r denotes 

the  dimensionless  relative  value.  In  many  dielectric  materials  e and 

tan  6 are  well  documented,  but  little  is  known  about  4"  in  magnetic 

materials.  The  term  e , where  necessary,  will  be  taken  as 

(e ' - o"/oje  ) which  may  mean  that  e can  appear  to  be  negative  in  some 

materials.  °This  occurs  in  some  materials  such  as  gold  at  infrared  ‘ 

wave  lengths,  as  will  be  shown  later.  When  e is  negative  it  is 
usually  not  possible  to  determine  whether  e'  or  a'W  is  the  predomi- 
nant factor. 

Equations  A(8)  and  A(9)  in  the  appendix  define  the  propaga-  ; 

tion  constant  in  conducting  media.  Setting  4 = 1+jO  and  0^  = 0 then 

k = u24oEo  = w2/c2  = 8 rad/m  (6) 

where  a wavelength  is  defined  as 

X = 2rr  / 6 = 2ir/k  (7)  - 

in  which  all  quantities  are  real.  If  the  medium  is  conducting  and  k I 

becomes  complex,  do  we  define  X as  2tt/B,  or  as  2tt /k?  In  this  paper 
the  latter  definition  is  used  which  dictates  that  the  wavelength  (X), 

index  of  refraction  (n) , and  phase  velocity  of  propagation  (u  ) must  , 

all  be  complex  quantities.  Also,  since  X is  complex,  all  distances  i 

must  be  complex  so  that  the  total  phase  change  along  any  path  length 
can  be  a real  number  of  radians. 

2 . Weakly  Conducting  Dielectrics  at  Extremely  Low  Frequencies  (ELF) 

Although  the  title  of  this  paper  refers  specifically  to 
conducting  media  it  is  necessary  to  begin  with  two  semi-infinite  non- 
conducting dielectrics  in  contact  in  order  to  describe  several  inter- 
esting angles  of  incidence  as  defined  by  Lytle  and  Lager2.  To  begin 
with,  a vertically  polarized  plane  wave  incident  on  the  boundary 
(Figure  5)  between  free  space  and  a perfect  dielectric  is  assumed. 

When  the  medium  of  incidence  (medium  1)  is  free  space,  there  is  an 
angle  of  incidence  (0^)  such  that  total  transmission  into  a medium 
of  refraction  (medium  2)  occurs,  and  the  reflection  coefficient 
rVo  = 0(eqn.A(23)) . This  is  tHt  well  known  Brewster  angle  © which 
occurs  when: 
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er2/(f:r2+1)l 
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(8) 


When  the  situation  is  reversed  such  that  the  medium  of  in- 
cidence (medium  1)  has  a large  dielectric  constant  and  the  medium  of 
refraction  is  free  space  (medium  2),  three  more  interesting  angles  of 
incidence  occur  as  pointed  out  by  Lytle  and  Lager: 

0^  = sin"1|l/(erl+l)|!2;  er2  = 1 (9) 

at  which  total  transmission  into  free  space  occurs  (Rj2  = 0)  and  the 

angle  of  transmission  (0  .)  is  equal  to  the  Brewster  angle  (0  ) above, 

t Z.  B 

0c  = 8in_1(l/erl)Ss;  = 1 (10) 


called  the  critical  angle,  which  occurs  when  the  reflection  coeffi- 
cients for  both  vertical  and  horizontal  polarization  are  both  equal  to 
unity  (i.e.  R^2  = = 1),  and 

0Q  = sin_1|  (erl+l)/(t2i+l)|Ss;  ej_2  = 1 (11) 

called  the  "Devil"  angle,  which  occurs  when  the  reflection  coefficient 
is  purely  imaginary  (i.e.  R*?  = -j).  The  name  was  coined  by  Lytle  and 

Lager  because  of  their  devilment  at  the  unusual  occurrences  at  this 
angle. 

This  latter  angle  is  treated,  as  example  1,  in  detail  in 
Figure  1 where  the  medium  of  incidence  has  constitutive  parameters  of 
= 25,  and  = 0.  The  frequency  (f)  used  in  this  example  is  one 
Hertz  since  this  represents  a frequency  near  the  low  end  of  the  spect- 
rum. However,  the  results  here  and  in  subsequent  examples  will  be  ob- 
tained at  any  frequency  provided  the  loss  tangent  (tan  6 = a/we_)  Eqn. 
A(ll)  remains  constant  as  a function  of  frequency.  The  H-mode  trans- 
mission and  reflection  coefficients  (T^2  .and  R^  ) are  calculated  using 
equations  A(22)  through  A(25)  in  the  appendix  where  the  "Devil"  angle 
of  evidence  is  11.759°.  The  E-mode  coefficients  are  not  calculated 
since  they  are  uniquely  determined  by  equations  A(26)  through  A(30). 
The  principle  points  of  interest  to  be  observed  are  as  follows: 

(a)  The  reflected  H-field  vector  is  equal  in  magnitude  to 
the  incident  field  but  lags  the  latter  in  time  phase  by  90°. 

(b)  The  transmitted  H-field  is  1.414  times  greater  than 
the  incident  field  and  lags  the  latter  in  time  phase  by  45  . 

(c)  The  angle  of  refraction  (0  „)  is  a complex  angle  of 
90°+j  11.07  which  is  quite  contrary  to  wnat  would  be  expected. 

(d)  The  planes  of  constant  phase  and  constant  amplitude  in 
free  space  (medium  2)  are  not  coincident.  The  constant  phase  plane  is 
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perpendicular  to  the  interface,  while  the  constant  amplitude  is  plane 
parallel  to  the  interface. 

(e)  The  incident  angles  0g,  0 , and  0 all  occur  within 
the  range  of  0.^  = 11°-12°  such  that  0 <§  <0p(Figure  3).  For  all 
angles  below  tfie  critical  angle  (0c)_the  transmitted  H-field  (H  2)  is 
in  phase  with  the  incident  H-field  (H^).  Between  0'  and  0 the  re- 
flected H-field  (H  ) is  out  of  time  phase  with  the  incident  field  by 
180°.  rl 

(Note  1 - When  the  angle  of  refraction  is  complex,  the  planes  of  con- 
stant phase  and  amplitude,  in  the  medium  of  refraction  (medium  2),  are 
not  usually  coincident.  We  assume  in  all  examples  that  they  are  coin- 
cident in  the  medium  of  incidence  (medium  1).  The  angle  (i|j)  of  con- 
stant phase  plane  can  be  calculated  from 


cos  \p 


82Rcos  + a^Icos 

a O 1 

| (82Rcos  "F  a^Icos)  +(B2Rsin  + o^Isin)  | 


(9) 


where  cos  9^  = Rcos+jlcos,  and  sin  9 = Rsin+jlsin  are  the  complex 

cosine  and  sine  of  the  complex  angle  of  refraction  (0  ) . The  phase 

constant  (B.,),  and  attenuation  constant  (a2)  are  defined  by  equation 
A(9).  Similarly,  the  angle  (0)  of  the  constant  amplitude  plane  in 
medium  2 can  be  determined  by 


82Icos  ~ a2Rcos 

| (82Icos  - a2Rcos) 2+(82Isin  - o^Rsin)^! 


(10) 


Both  of  these  angles  are  measured  from  the  plane  of  incidence  (Figure 
5)  and  can  be  considered  as  the  refraction  angles  for  constant  phase 
and  constant  amplitude  propagation  directions.  The  respective  planes 
are  normal  to  these  directions.) 

When  the  two  media  are  allowed  to  become  weakly  conducting, 
as  shown  in  Figure  2,  the  situation  changes  quite  drastically.  The 
principal  points  to  note  are: 

(a)  The  angle  of  refraction  has  changed,  but  is  still 

complex.  The  real  part  of  0 _ still  corresponds  to  the  refraction 
angle  (ip ) of  constant  phase  planes. 

(b)  The  reflected  H-field  has  decreased  in  magnitude  and 

now  lags  the  incident  field  by  153.4  in  time  phase.  The  transmitted 
H-field  has  also  decreased  in  magnitude  but  lags  in  time  phase  by  only 
30.2  . It  should  be  ngted  that  if  the  conductivity  of  medium  1 is 
increased  (say  a = 10  S/m),  the  reflected  field  amplitude  becomes 

unity  and  lags  by  180  . Hence  the  transmitted  field .becomes  zero  in 
magnitude  so  that  the  boundary  behaves  like  a near  perfect  magnetic 
sheet  reflector. 
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3.  Strongly  Conducting  Media 

Sea  water  is  a well  known  example  of  a strongly  conducting 
medium.  Much  interest  has  been  shown  in  the  reflection-transmission 
coefficients  when  an  electromagnetic  wave  is  incident  on  the  surface 
of  an  ocean  (medium  2)  from  air  (medium  1),  The  constitutive  para- 
meters for  both  media  at  one  Hertz  and  10  GHz  were  estimated  from  an 
» extensive  literature  search  and  are  shown  in  figure  4. 

It  comes  as  no  surprise  that  sea  water  is  a good  reflector 
of  electromagnetic  energy.  However,  it  is  not  well  known  that  the 
refracted  H-field  (H  is  nearly  twice  that  of  the  incident  field  for 
angles  of  incidence  up  to  60°.  The  reason  for  this  is  that  the  inci- 
dent, reflected,  and  refracted  H-fields  are  all  in  phase.  This  does 
i not  mean  that  a lot  of  energy  is  refracted,  however,  since  the  re- 
fracted E-field  amplitude  is  reduced  by  a factor  of  | w^ic^  is 
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of  the  order  of  5x10  at  one  Hertz.  This  suggests  that,  if  one  de- 
sired to  communicate  with  a submerged  submarine  at  one  Hertz,  an 
_H-field  sensor,  such  as  a magnetometer,  may  be  more  effective  than  an 
E-field  sensor  such  as  a trailing  wire  antenna. 

It  is  also  interesting  to  note  that  the  angle  of  refraction 
is  nearly  90  for  both  the  constant  phase  and  constant  amplitude  pro- 
pagation at  most  angles  of  incidence  at  low  frequencies.  This  is  true 
at  all  frequencies  for  the  constant  amplitude  planes,  however  at  10 
GHz  the  constant  phase  plane  angle  of  refraction  is  5.6  . Thus,  the 
energy  travels  straight  down  in  the  sea  water. 

There  is  one  exception  to  the  fact  that  the  reflection  co- 
efficient (R*^)  -*-s  nearly  unity  at  all  angles  of  incidence.  This 
exception  is  at  an  angle  of  incidence  of  88  -89  , depending  on  fre- 
quency, where  a quasi-Brewster  angle  occurs  such  that  the  reflection 
coefficient  becomes  quite  small  and  the  transmission  is  nearly  unity. 
This  effect  is  more  pronounced  at  the  higher  frequencies.  ^ 

Figure  4 also  shows  that  the  skin  depth(s),  where  H/H  =e  , 
is  30  000  times  greater  at  one  Hertz  than  at  10  GHz.  At  fifty  fiertz 
the  skin  depth(s)  is  48.3  meters  as  compared  to  341.7  m at  one  Hertz, 

4 . Layered  Conducting  and  Permeable  Media 

The  subject  of  multi-layered  sandwiches  is  of  extreme  inter- 
est in  applications  such  as  radar  radomes,  radar  attenuating  paints, 
radar  attenuating  aerosols,  and  electromagnetic  wave  shielding.  Born 
and  Wolf^;  Cady,  Karelitz,  and  Turner4;  and  others  have  treated  this 
subject  in  great  detail.  Born  and  Wolf,  on  the  one  hand,  were  primar- 
ily interested  in  optics  so  several  approximations  were  made.  On  the 
other  hand,  Cady,  et  al.  were  interested  in  microwaves  through  good 
dielectrics,  so  somewhat  different  approximations  were  made.  Both 
approaches  to  the  problem  involved  chain  matrix  multiplication  of  a 
succession  of  2x2  matrices.  If  one  follows  this  approach  but  makes  no 
approximations,  a matrix  equation  such  as  equation  A(36)  results. 

Using  this,  the  reflection  coefficient  at  the  incident  face  of  a multi- 
layered sandwich  and  the  transmission  coefficient  through  the  last 
face  can  be  calculated  by  virtue  of  equations  A(37)  through  A(47)  at 
any  angle  of  incidence.  These  equations  are  also  applicable  for  any 
value  of  e , p , and  a providing  e and  a are  real.  The  permeability 
can  be  complex  as  indicated  by  equations  A(7)  and  A(8).  The  geometry 
of  a single  layer  sandwich  is  shown  in  figure  5.  It  is  obvious  how  to 
add  additional  layers  up  to  m = n-1  where  n is  the  number  of  faces. 

Consider  as  the  reflection  coefficient  of  a radar  attenuating 
paint  on  aluminum  for  normal  incidence  at  frequencies  of  9 GHz,  10  GHz,  . 
11  GHz,  and  20  GHz.  The  constitutive  parameters  of  the  paint,  used  in 
the  problem,  are  shown  in  figure  6.  It  is  not  known  whether  such  a 
paint  having  these  characteristics  can  be  compounded,  but,  at  least, 


y 


Now  consider  a thin  sheet  of  iron,  as  an  electromagnetic 
shield  at  one  KHz,  as  shown  in  figure  7.  The  most  salient  points  to 
note  are  as  follows: 

(a)  The  refracted  H-field,  at  the  incident  face,  is  twice 
the  incident  field  as  occurs  in  all  highly  conducting  fields  for  the 
same  reasons  stated  earlier. 

(b)  The  H-field  exiting  through  the  output  face  is  negligi- 
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ble  because  the  reflected  field  lags  incident  field  by  180°. 
therefore  cancel  each  other  at  the  output  interface. 

As  a final  example  consider  a one  meter  thick  aerosol  be- 
tween a radar,  operating  at  15  GHz,  and  an  aircraft  flying  overhead. 
The  constitutive  properties  of  this  aerosol  are  shown  in  figure  8. 

It  is  not  known  whether  such  an  aerosol  could  be  compounded  but  the 
principle  is  demonstrated  that,  with  such  an  aerosol  at  an  angle  of 
0 incidence  of  60  , the  overall  transmission  coefficient  magnitude  is 
-28.1  dB  per  meter  thickness.  A signal  reflected  from  the  aircraft, 
upon  returning  to  the  radar  would  be  subject  to  the  same  degree  of 
attenuation  which  could  render  an  aircraft  nearly  undetectable. 

5.  Highly  Conducting  Media 

In  addition  to  the  basic  metals  there  are  many  highly  con- 
ducting materials  such  as  graphite  loaded  epoxy  and  conducting  poly- 
mers. Little  is  known  about  their  constitutive  parameters  so  that 
the  equations  included  herein  cannot  be  used  to  investigate  various 
practical  examples.  Examination  of  the  published  data  on  many  materi- 
als, however,  leads  one  to  suspect  that  conductivities  become  signifi- 
cantly complex  at  far  infrared  frequencies.  The  complex  index  of  re- 
fraction of  the  basic  metals  are  well  documented  so  that  this  suspi- 
cion can  be  verified  and  at  least  demonstrate  that  complex  conductivi- 
ties do  indeed  exist. 

We  consider  the  case  of  gold  which  has  a complex  index  of 
refraction  of  n = n'-jn"  = 25.2  -j55.9  at  X = 9.9  pm.  Noting  that 
n = c/w  (8-ja),  the  propagation  constant  (k  = 6-ja)  can  be  calculated 
as  k = 2.52x10'  -j3. 41x10'  at  a frequency  of  3.03x10^  Hertz.  Find- 
ing the  square  of  k,  where  k2  = u)2ye-j<Dya,  allows  us  to  calculate  o if 
we  assume  values  of  unity  for  y^  and  e^..  Thus 


k = -5.31x10  -jl. 718x10  = ^ y e (—  -j  — ) 

c^  r r we  we 
o o 


from  which  a is  determined  as 
o = o'-jo" 


4 . 274xlQ6- j 1. 605xl06 


4.565x10  /-0.359  rad  S/m 


- : h is  an  order  of  magnitude  smaller  than  the  direct  current  value 
4xl02)S/m  for  gold. 

s ' ort'  lualons 

n ! . >r tunately , in  a paper  of  this  length,  it  is  impossible 
• i it  Ions  of  the  equations  used  to  make  the  calculations 
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of  the  quantities  shown  in  the  various  figures.  In  fact,  it  is  not 
possible  to  show  all  of  the  quantities  calculated  on  each  figure. 
However,  the  most  significant  quantities,  which  explain  the  strange 
behaviors  discussed,  are  included.  Also  all  equations  used  are 
included . 

This  by  no  means  exhausts  the  subject  of  strange  behaviors 
under  other  circumstances.  However,  the  author  has  found  that  when 
all  parameters  are  included,  no  matter  how  small,  many  surprises  can 
occur  under  the  most  ordinary  of  circumstances. 
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Appendix 

Mathematical  Equations 


Snell's  Laws 


cos  0j , = cos  0r , 


A (1) 


k,  sin  ©i,  = k2  sin  0,2 


A (2) 


Fresnel's  Equations 

T.  E.  mode  (horizontal  polarization) 


2p2k,cos  0,  g 

A (3) 

Ajk, 

cos  0,  + //,  (k2  - k 2 sin  0j)l/J 

A«2  k 

, cos  ©j — ju | (k2-k2  sin2©j),/2 

A (4) 

*i2k 

Ej 

i cos©i+j/,  (k2-k2  sin2©i),/2 

T.  M.  mode  (vertical  polarization) 

pj-  _ , kj  cos  0, 

// 1 k | cos  0,+A<2  k , (k2 -k2  sin2©,)1'2 

pp  _MiM  cos  0i-/i2k1  (k2-k2  sin2  0,)l/2 
A* i k § cos  ©j+Ai2k,  (k2-k2  sin2  ©j),/2 


A (5) 


A (6) 


The  subscripts  i,  r,  and  t,  denote  incidence,  reflection,  and 

transmission  respectively.  The  numerical  subscripts  1,  2,  , n 

identify  the  medium  in  which  the  wave  is  traveling.  Where  the  sub- 
script r is  used  with  the  permltivity  (e),  and  permeability  (p)  it 

denotes  the  relative  value  such  that  e =e  e , and  p =p  p where 

n rn  o n rn  o 

e = _1_  x 10-g  F/m,  and  p =4tt  x 10-7  H/m  in  rationalized  MKS  units. 

° 36tt  o 

The  relative  values  are  dimensionless.  The  conductivity  (o  ) has  the 
dimensions  of  Siemens/meter  (S/m). 


Horizontal  polarization  (T.  E.  mode)  equations  (3),  and  (4) 
apply  when  the  incident  E-field  is  parallel  to  the  boundary,  as  shown 
in  figure  1.  For  vertical  polarization  (T.  M.  mode),  equations  (5), 
and  (6)  apply  when  the  incident  H-field  is  parallel  to  the  boundary. 
In  these  equations,  the  relative  permeabilities  are  allowed  to  be 
complex  so  that 
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Mn  = Ai,nPo  = A<rn  o'0!*  p0 


A (7) 


The  square  of  the  propagation  constants  which  result  from  the  wave 
equations  are 


k*  = cjV„en-jw/i„on 


wJ#,oe°|^rn  |Crn-j  W£o]j 


A (8) 


where  u)  = 2nf,  and  f is  the  frequency  in  Hertz.  The  propagation 
constant  is  expressible  as 


kn  - Pn  ~ j®n 


A (9) 


where  Bn  is  the  phase  constant  in  radians  per  meter,  and  an  is  the 
attenuation  constant  in  nepers  per  meter.  The  quantity  e^  can  be 
complex  as  well,  such  that 


rn 


^rn 


= e, 


ej  tan  6 


A (10) 


In  this  report  the  quantities  in  parentheses  are  treated  as 
one  quantity  attributable  to  a single  equivalent  conductivity.  The 
loss  tangent  then  is 


tan  6 

COE'f 


where 


I f r n I ^ 


1-j 


we,nko 


A (11) 


A (12) 


If  ern  and  tan  6 are  known  at  a given  frequency,  the  conductivity 
can  be  calculated  by 


|g  /ml^rn|t3n5xl09 


A (13) 


where  f is  the  reported  frequency  at  which  tan  6 was  measured.  Here, 
a is  calculated  from  the  loss  tangent  at  the  nearest  reported  fre- 
quency to  the  actual  frequency  of  interest  and  then  treated  as  a 
constant  value. 
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From  equations  (3)  and  (4)  the  TE  mode  transmission  (T)  and 
reflection  (R)  coefficients  for  a positive  going  wave  can  be  ex- 
pressed as 


tE  _ 

Ejj 

2 

(14) 

T|  2 “ 

Ei, 

’ 1+Yf2 

A 

and 

Rl2 

En 

i-y?2 

A 

(15) 

Hi, 

1+Yf2 

so  that 

Rf2  = 

Tf2  -1 

A 

(16) 

where  the 

admittance 

is 

y?2  = : 

fl-(k,/k2  sin  ©;  1)2] 1/2 

A 

(17) 

Zf2  M2  k 1 cos©;, 


and  0-q  is  the  angle  of  incidence  from  medium  1 on  face  1-2.  These 
equations  hold  at  any  interface  between  two  media  for  a positive 
going  incident  wave  which  is  from  left  to  right  in  figure  1.  For  a 
negative  going  incident  wave,  these  equations  become 


and 


Tf, 


Rf, 


E,  1 

Hi  2 

Hr  2 

Hi  2 


1+Yf , 


1-Yfi 

1+Yf, 


A (18) 


A (19) 


so  that 


Rfi  = Tf , - 1 


A (20) 


where 


Yf,  = 


7E 
^2  1 


M2 k 1 [l-(k2/k,  sin  0j2)2  1/2 

Mjk2  cos  0i2 


A (21) 


At  successive  boundaries,  the  subscripts  change  from  12  and  21  to  23 
and  32  at  face  23  as  shown  in  figure  1. 
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For  the  T.  M.  mode,  similar  equations  result  as  follows. 


yV2  = 


Yh 


t?2 

h;2 

2 

H,, 

i+yV2 

rh 

_ Hti 

i-y»2 

ki  2 

" Hi, 

I+YV2 

RH2  = 

T»2 

-1 

1 

7*2  k , 

[1- 

(k,/k2  sin  ©, , )2]  1/2 

z?2  = " 

Mi  k2 

COS  @i, 

T”, 

1. . 

H„ 

2 

Hi2 

1+Y?, 

R?  1 

Hr  2 

1- Y2i 

" Hi2 

i+y2  , 

II 

T?, 

-1 

A!,  k 

i i 

- (k2 

/k,  sin  0,2)2]  1/2 

1 'T^Tk 

, 

COS  ©i2 

A (22) 

A (23) 

A (24) 

A (25) 

A (26) 

A (27) 

A (28) 
A (29) 


From  these  equations  it  is  easily  shown  that 

T?:  =T»,  ; Tf , = T»2  ;R?2  =R»,  and  Rf,  = rV2  A (30) 

If  space  2 in  figure  1 is  a sheet  between  two  semi-infinite 
media,  it  is  necessary  to  determine  the  phase  shift  and  attenuation  of 
waves  due  to  path  length  (I2)  in  medium  2.  A complex  phase  can  be 
defined  as 


<t>  = k2l2  =^212- j«2l2  A (31) 

When  the  boundaries  are  plane  and  parallel  l£  is  related  to  the  thick- 
ness (t2)  by 
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where  sin  Ot2  can  be  complex  by  Snell's  law  (equation  2).  Hence,  I2 
becomes  a complex  length.  The  complex  impedance  of  the  medium  is 


=377/0^ 

VeT2  Ver2-JIJ —o 


the  velocity  of  propagation  is 

1 1 
Vp2  = •JVitTi  = ^/( |M  eJ0")(erl-jlL_) 

and  the  wavelength  is 


X,  = 


_P_2 

/ 


A (33) 


A (34) 


A (35) 


We  are  now  in  such  a position  that  we  can  calculate  the  trans- 
mission and  reflection  coefficients  at  each  interface  and  the  phase 
and  attenuation  in  each  space.  Hence,  the  reflection  and  transmission 
coefficient  of  a multi-layered  sandwich  can  be  calculated  by  using 
successive  (ABCD)  matrix  multiplication,  as  shown  by  Born  and  Wolfe4 
by  assuming  a positive  going  electromagnetic  wave  to  be  incident  on 
the  face  of  the  sandwich  and  a negative  going  wave  incident  on  the 
opposite  face.  Then,  the  TM  mode  (vertical  polarization)  wave  matrix 
equation  can  be  written  for  a multi-layer  sandwich  in  matrix  form  as 
follows . 
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where  ln  is  the  complex  path  length  in  the  n-th  space.  All  other 
quantities  have  been  defined  above.  For  the  TE  mode  (horizontal 

E E E E 

polarization),  Tnm,  Tmn>  R^,  R^n’  coef f icients  can  be  obtained  from 
equation  (30). 


For  a three-layer  sandwich,  this  matrix  in  a short  from  is  as 
follows 
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Setting  H.  = 0,  then 
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Additional  layers  can  be  added  as  desired  with  appropriate  symbols 
for  the  overall  (h)  matrix.  The  E-mode  (horizontal  polarization) 
coefficients  can  be  calculated  likewise  by  substituting  the  T^,  R^, 
quantities  for  the  TH,  RH,  quantities  in  (36).  Then, 
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CULTIVATION  OF  HUMAN  MALARIA  PARASITES  (U) 


J.  D.  HAYNES,  MAJ  MC,  *J.  D.  CHULAY,  MAJ  MC,  C.  L.  DIGGS, 
COL  MC,  R.  E.  DESJARDINS,  MAJ  MC,  and  CYNTHIA  HALL,  SP5 
WALTER  REED  ARMY  INSTITUTE  OF  RESEARCH 
WASHINGTON,  D.  C.  20012 


Malaria  is  a disease  caused  by  protozoa  of  the  genus  Plasmo- 
dium, the  blood  stage  of  which  causes  fever,  anemia,  and  other 
symptoms  in  infected  humans.  In  every  major  armed  conflict  invol- 
ving the  United  States,  malaria  has  been  a major  cause  of  medical 
disability.  Of  the  four  species  responsible  for  disease  in  man, 
Plasmodium  falciparum  is  associated  with  the  most  illness.  Because 
malaria  is  still  widely  distributed  throughout  Africa,  Asia,  Oceania, 
and  Latin  America,  it  remains  the  single  most  important  potential 
medical  threat  to  military  operations.  Since  the  discovery  nearly  100 
years  ago  of  the  causitive  agent  of  malaria,  efforts  at  control  of  this 
protozoan  and  its  insect  vectors  have  met  with  only  limited  success. 
Recent  experience  with  increasing  resistance  of  mosquitos  to  insecti- 
cides have  made  it  clear  that  vector  control  is  unlikely  to  eliminate 
this  disease.  Similarly,  chemotherapy  has  failed  in  large  areas  of 
the  world  where  P.  falciparum  has  developed  resistance  to  chloro- 
quine  and  other  drugs.  Even  in  areas  where  drug  resistance  is  not 
yet  a problem,  the  difficulties  in  maintaining  strict  compliance  with 
prophylactic  regimens  have  resulted  in  failure  to  fully  prevent  dis- 
ease. 


Immunization  would  offer  a logical  means  of  protecting  troops 
from  acquiring  malaria  when  entering  endemic  areas,  but  progress 
towards  development  of  such  immunization  proceedures  has  been 
hindered  by  a number  of  problems.  Natural  immunity  to  P.  falci- 
parum  develops  slowly  and  is  incomplete.  No  completely  satisfactory 
animal  model  exists,  and  until  recently  malaria  parasites  could  not 
be  cultivated  in  vitro.  These  limitations  made  it  impossible  to  pre- 
pare and  test  antigens  which  might  potentially  induce  immunity.  The 
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recent  developments  in  our  laboratory  and  at  the  Rockefeller  Univer- 
sity of  methods  for  the  continuous  long-term  culture  of  Plasmodium 
falciparum  (1,2)  make  available  a tool  which  can  be  used  for  studying 
pharmacologic,  immunologic,  and  other  biologic  aspects  of  the 
host- parasite  relationship.  Antigens  obtained  from  culture  may 

eventually  be  used  in  preparing  a vaccine  against  malaria. 

The  culture  methods  used  involve  mixing  together  infected  and 
uninfected  erythrocytes  in  buffered  tissue  culture  medium,  supplemen- 
ted with  human  serum  in  a low  oxygen,  carbon  dioxide -containing 
atmosphere,  and  incubating  at  37  C,  The  infected  erythrocytes  can  be 
obtained  from  humans,  chimpanzees,  or  owl  monkeys,  and  may  be 
used  immediately  after  collection,  following  cryopreservation,  or 
from  cultures.  Uninfected  erythrocytes  can  be  from  similar  sources, 
although  human  erythrocytes  stored  using  routine  blood  banking 
techniques  are  most  convenient.  Tissue  culture  medium  can  be  either 
medium  199  (1)  or  RPMI  1640  (2),  buffered  with  a bicarbonate-TES* 
or  bicarbonate-HEPES*  mixture.  Human  serum  or  plasma  are  equally 
effective  at  supplementing  the  medium,  as  long  as  it  is  obtained 
from  a donor  whose  blood  type  is  compatible  with  the  erythrocytes 
used.  The  carbon  dioxide  content  of  the  atmosphere  can  vary  from 
3 to  7%,  adjusted  to  balance  the  bicarbonate  in  the  medium  to  a pH 
of  approximately  7.  35  at  37  C.  The  oxygen  content  of  the  atmosphere 
can  vary  from  1 to  18%,  but  normal  atmospherip  oxygen  (approx- 
imately 21%)  is  toxic  for  the  parasite.  The  culture  mixtures  may 
be  placed  in  tissue  culture  flasks  which  are  individually  flushed  with 
the  appropriate  gas  mixture,  in  microtiter  plates  which  are  placed 
in  gas-tight  boxes,  or  in  petri  dishes  which  are  placed  into  a candle 
jar. 


The  current  method  which  we  use  for  maintenance  of  routine 
cultures  consists  of  5 ml  samples  with  a 6%  hematocrit  in  25  sq  cm 
tissue  culture  flasks  containing  M 199  buffered  with  15  mM  TES  and 
27  mM  sodium  bicarbonate,  plus  10%  heat  inactivated  human  fresh 
frozen  plasma.  The  flasks  are  flushed  with  a 5%  carbon  dioxide,  5% 
oxygen,  90%  nitrogen  mixture,  sealed,  and  incubated  at  37  C.  Four 
ml  of  culture  medium  is  changed  daily,  and  samples  for  thin  smears 
are  made  every  1 to  2 days.  When  parasitemia  exceeds  1%,  dilutions 
with  fresh  human  erythrocytes  are  made  to  reduce  the  parasitemia 
to  approximately  0.  1%.  Using  this  method,  a 4 to  6 -fold  multipli- 
cation rate  during  each  48 -hour  cycle  is  obtained  (figure  1).  If  the 
cultures  are  further  diluted  to  0.01%,  fresh  erythrocytes  need  not 

*TES  is  N-tris-(hydroxymethyl)methyl-2-aminoethanesulfonic  acid, 
HEPES  is  N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic  acid. 
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be  added  for  7 days  or  more.  By  changing  the  medium  more  fre- 
quently, or  by  reducing  the  hematocrit  and  adding  an  extract  of 
erythrocytes,  higher  parasitemias  can  be  obtained.  When  these  two 
methods  were  combined,  parasitemias  as  high  as  33%  were  achieved. 
In  addition  to  morphological  evaluation  of  growth,  the  incorporation 
of  a radioisotope  (tritiated  hypoxanthine)  can  be  used  as  a rapid  and 
sensitive  method  of  comparing  parasite  growth  under  different 
conditions. 


2 months  + x days  in  culture 
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The  in  vitro  cultivation  system  has  found  a wide  range  of  appli- 
cation. When  erythrocytes  from  different  species  of  animals  are  used 
as  uninfected  target  cells,  only  those  from  species  which  are  suscep- 
tible to  infection  with  P.  falciparum  in  vivo  are  susceptible  to  in  vitro 
invasion  (table  1).  Differences  m erythrocyte  receptors  for  different 
species  of  plasmodia  were  found  by  evaluating  in  vitro  reinvasion  of 
test  erythrocytes  by  Plasmodium  knowlesi  , a sTmian  parasite  capable 
of  infecting  rhesus  monkey  and  most  humans,  or  P.  falciparum,  which 
is  unable  to  infect  rhesus  monkeys.  Humans  with 'Blood  type  Fy(a-b-), 
also  known  as  Duffy  negative,  cannot  be  infected  by  P.  knowlesi  (3). 
The  results  of  in  vitro  reinvasion  corresponded  directly  with  the 
known  in  vivo  susceptibility,  suggesting  that  the  two  parasites  recog- 
nize different  erythrocyte  receptors  (table  2). 


Table  1.  In  vitro  growth  of  P.  falciparum  in  erythrocytes 


test 

erythrocytes 

% parasites 
day  1 

% parasites 
day  3 

multiplication 
rate/48  hr 

human 

.37 

2.  30 

6.  2 

chimpanzee 

. 53 

3.  33 

6.  3 

rhesus 

. 30 

. 13 

. 4 

guinea  pig 

. 55 

. 18 

. 3 

(Adapted  from  reference  1) 

Table  2.  Differential  invasion  by  _P.  falciparum  and  P.  knowlesi 

test  Parasites  invading  test  erythrocytes 

erythrocytes  (%  of  control  human  erythrocytes) 

P.  falciparum  P.  knowlesi 


human  A+ 

100 

human  Fy(a-b-) 

109 

rhesus 

1 

100 

1 

277 

(Adapted  from  reference  3) 


Further  evidence  supporting  this  concept  was  obtained  when  nor- 
n,  .1  human  erythrocytes  were  treated  with  different  enzymes  prior 
to  attempts  at  in  vitro  infection  (table  3),  Chymotrypsin  treatment 
markedly  inhibited  invasion  by  P.  knowlesi,  but  had  no  effect  on 

the  growth  of  P,  falciparum.  Conversely  either  neuraminidase  or 
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trypsin  treatment  inhibited  reinvasion  by  P.  falciparum  without  affect- 
ing the  growth  of  P.  knowlesi.  More  knowledge  about  the  parasite 
surface  molecules  responsible  for  parasite -erythrocyte  interactions 
may  aid  in  their  purification.  These  molecules  could  then  be  used  as 
antigens  in  a vaccine  which  might  elicit  anti-parasite  antibodies  acting 
to  block  the  interaction  of  parasites  with  erythrocytes,  thereby  inter- 
rupting the  parasite  life  cycle  and  preventing  disease. 


Table  3.  Invasion  of  enzyme  treated  human  erythrocytes 

enzyme  Parasites  invading  treated  erythrocytes 

treatment  (%  of  untreated  control  erythrocytes) 


P.  falciparum 

P.  knowlesi 

chymotrypsin 

102 

10 

neuraminidase 

46 

109 

trypsin 

22 

102 

(Adapted  from  reference  3) 


P.  falciparum  grown  in  vitro  can  be  used  to  evaluate  antimala- 
rial  drugs.  If  serial  2-fold  cdlutions  of  drug  are  made  in  the  wells  of 
a microtiter  plate  and  aliquots  of  a culture  are  added  to  these,  incu- 
bated for  24  to  48  hours,  and  then  pulsed  with  tritiated  hypoxanthine 
overnight,  the  effect  of  the  drug  on  parasite  growth  can  be  assessed 
by  morphology  or  by  measuring  incorporation  of  tritium  into  polynuc- 
leotides. One  culture  flask  supplies  enough  parasites  for  300  micro- 
titer wells,  which  is  sufficient  to  test  in  duplicate  7 different  concen- 
trations each  of  18  different  drugs.  Semiautomated  harvesting  and 
counting  devices  yield  raw  data  within  a few  hours.  Using  regression 
analysis,  an  estimate  of  the  ED- 50  (the  dose  at  which  there  is  50% 
inhibition  of  parasite  growth)  can  be  obtained.  When  a strain  of 
P.  falciparum  known  to  be  sensitive  to  treatment  with  chloroquine 
In  humans  was  tested  and  compared  with  a known  chloroquine- 
resistant  strain,  a marked  difference  in  the  dose-response  curves 
was  apparent  (figure  2).  When  mefloquine,  a drug  known  to  be 
effective  for  treating  infections  with  either  strain,  was  tested, 
the  ED- 50  levels  were  similar  (table  4)(4). 
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Figure  2. 


Table  4.  Chloroquine  sensitive  and  resistant  P.  falciparum 
strains  evaluated  in  vitro 


Drug 


Concentration  of  drug  (ng/ml)  causing  50% 
reduction  in  uptake  of  tritiated-hypoxanthine. 

Uganda  strain  Vietnam  strain 


Chloroquine  8. 8 


184 


Mefloquine  4.  5 5.  9 

(Adapted  from  reference  4) 


Current  antimalaria  drug  screening  tests  generally  are  per- 
formed in  vivo  using  animal  models.  These  models  are  cumbersome 
because  of  the  expense  and  manhours  required,  and  in  some  cases 
yield  data  not  applicable  to  human  malaria.  The  method  described 
here  has  the  advantages  of  reducing  screening  time  and  expense, 
and  uses  onlv  human  malaria  parasites.  A spin-off  of  this  research 

:.d  ' o used  to  generate  important  information 
on  the  mechanisms  of  action  of  antimalaria  drugs. 
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Cultured  parasites  may  also  be  used  to  obtain  antigen  for  a 
variety  of  immunological  and  serological  tests.  For  example  we 
have  used  these  cultures  as  a source  of  antigen  to  detect  antibodies 
using  an  indirect  fluorescent  technique.  Thin  smears  made  from 
culture  were  dried  overnight,  dilutions  of  test  serum  added,  the 
slide  thoroughly  washed,  flourescein-conjugated  anti-human  immun- 
oglobulin reacted  with  the  slide,  and  the  slide  washed  and  examined 
by  fluorescence  microscopy.  Control  sera  from  patients  with  no 
history  of  malaria  gave  titers  no  higher  than  10,  whereas  the  refer- 
ence positive  serum  and  sera  from  Africans  living  in  an  area  endemic 
for  malaria  gave  titers  of  320  or  higher  (5).  Similar  titers  were 
seen  using  either  of  two  strains  of  P.  falciparum  taken  from  cultures 
2 to  5 months  old  (table  5).  This  and  other  serologic  techniques 
using  antigen  obtained  from  culture  can  be  used  in  epidemiological 
studies  of  malaria  transmission.  Our  results  also  demonstrate 
the  ability  to  harvest  antigens  potentially  important  in  the  immune 
response  to  malaria. 


Table  5.  Indirect  fluorescence  antibody  test  using  two  strains 
of  cultured  P.  falciparum  as  antigen 

IFA  titer  using 


serum 

Camp  strain 

Z strain 

reference  pos. 

320 

320 

African  1 

320 

320 

African  2 

5,  120 

1,280 

control  1 

10 

10 

control  2 

10 

10 

(Adapted  from  reference  5) 


The  culture  system  described  here  provides  methodology  for 
a variety  of  studies  on  the  biology,  immunology,  and  pharmacology 
of  malaria.  In  addition  to  studies  of  parasite  interactions  with 
erythrocytes,  evaluation  of  chemotherapeutic  agents  in  vitro,  and 
provision  of  antigen  for  serologic  tests,  once  antigens  are  obtained 
in  larger  quantity  from  culture  and  purified,  it  should  be  possible 
to  evaluate  the  feasibility  of  immunoprophylaxis  against  malaria. 
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HARDENING  OF  COUNTERMINE  STRUCTURES 
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FORT  BELVOIR,  VIRGINIA 


INTRODUCTION 

Mines  have  long  been  recognized  and  used  as  effective 
barriers  to  retard  or  restrict  the  advance  of  enemy  forces.  Mines 
contain  a sensor  for  target  acquisition  and  an  explosive  kill 
mechanism  that  is  directed  towards  a vulnerable  area  of  an  acceptable 
target.  Mine  explosive  kill  mechanisms  include  blast  damage  to 
armored  vehicle  tracks,  wheels  and  suspension  systems,  shrapnel 
damage  to  personnel  or  non-armored  vehicles,  and  shape  charge  damage 
to  the  "belly"  of  armored  vehicles.  Mine  terminal  effects  can  be 
defeated  through  the  use  of  high  strength,  light  weight  composite 
materials.  Vehicle  components  and  countermine  structures  can  be 
made  from  composite  materials  that  will  retain  their  functionality 
after  being  exposed  to  blast  loading  or  high  velocity  fragments. 
Although  these  components  are  damaged  by  the  mine,  the  retention  of 
functionality  permits  the  completion  of  mission.  It  is  in  this  sense 
that  vehicles  and  countermine  structures  are  hardened  against  mine 
blast  and  shrapnel  damage. 

Computer  codes  are  being  developed  to  evaluate  mine  blast 
and  shrapnel  damage  to  countermine  structures  and  vehicles.  These 
codes  are  presently  predicting  damage  to  traditional  armor  steels  for 
which  a wealth  of  experimental  data  exists.  The  composite  literature, 
while  rapidly  expanding,  is  not  adequate  to  establish  the  shock 
compression  equations-of-state  for  these  materials.  The  objective 
of  this  investigation  is  to  provide  an  experimental  base  for  con- 
structing the  shock  compression  equations-of-state  for  selected  com- 
posite materials. 
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SHOCK  COMPRESSION  EQUATION-OF-STATE 

The  utility  of  computer  codes  to  meaningfully  predict 
structural  response  to  shock  deposition  is  largely  determined  by  the 
accuracy  and  completeness  of  the  data  used  to  determine  the  shock 
compression  equations-of-state.  Because  structures  are  both  heated 
and  compressed  during  shock  loading  it  is  necessary  to  determine  the 
temperature  dependence  of  all  independent  variables  in  order  to 
predict  the  time  dependent  response  of  the  structure.  The  approach 
chosen  to  determine  the  material  coefficients,  A and  B,  in  the  shock 
compression  equation-of-state 

p = A (jYj>0-  1 ) + B (flfi-  1 ) 2,  (1) 

where $ is  the  material  mass  density,  also  determines  whether  A=A(T) 
and  B=B(T)  can  be  obtained  from  experimental  data. 

One  direct  method  to  obtain  the  temperature  dependence 
of  the  material  coefficients  is  through  the  Gruneisen  formulation  of 
the  Debye  theory  of  solids.  An  approach  suggested  by  Harris  and 
Avramil  expands  Equation  1 above  in  terms  of  V for  small  volume 
changes  as: 


PV  = A ' VQ  + B^  + c' . 

V 

The  Gruneisen  parameter,  P,  can  be 
of  sound,  Co,  as 

= - v gO 
c0  Vdv/T 

where  d„is  defined  in  terms  of  the 
and  the  transverse  sound  velocity. 


Equations  2 and  3 can  be  combined 
of  the  shock  pressure,  P,  to  give 


(2) 

expressed  in  terms  of  the  speed 

(3) 

longitudinal  sound  velocity,  c^, 
ct,  as 

(4) 

to  give  the  speed  of  sound  in  terms 

(5) 
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From  equation  5,  the  speed  of  sound  can  be  expressed  in  terms  of  the 
material  coefficients  by 


which  can  be  approximated  to  give: 

c°(*,r  c°H  (-i  -1)]- 

For  (B/A)  ((;f/j!>)  “ equation  7 reduces  to 


V 'dc 
c 3 v 


o 


y|_  5 

c dv  c A \v  /J 

" X S CQ  B ^ 7 , 

C / A v2J 
o 


(6) 

(7) 


(8) 

(9) 


giving  the  Gruneisen  parameter  at  V - VQ  as 


P = 


B 

A 


(10) 


The  importance  of  this  result  is  that  the  material  coefficients  for 
the  shock  compression  equation-of-state  can  be  established  from 
fundamental  thermodynamic  properties  of  the  materials  themselves. 

The  temperature  dependence  of  the  Gruneisen  parameter  is  given  by 
the  thermal  expansion  coefficient,  C( , the  specific  heat,  Cy,  and  the 
isothermal  compressibility,  Kp,  as 

P(T)  = ft(T)  V (T)  . (11) 

CV(T)  Kt  (T) 

Thus,  the  temperature  dependence  of  the  ratio  of  the  material 
coefficients  of  the  shock  compression  equation-of-state  may  be 
determined  directly  through  measurements  of  the  thermal  expansion 
coefficient,  specific  heat  and  isothermal  compressibility.  This 
paper  reports  experimental  data  of  relative  volume  changes,  thermal 
expansion  coefficient,  and  specific  heat  as  functions  of  temperature 
for  selected  composite  materials  over  the  temperature  interval 
240  to  370  K.  These  data  when  combined  with  sound  velocity  data 
are  used  to  construct  the  time  dependent  shock  compression  equation- 
of-state  for  each  material.  The  formulation  of  the  computer  code 
requires  that  three  independent  equations  for  shock  pressure. 
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changes  in  internal  energy,  and  the  elastic  pressure  are  expressed  in 
terras  of  the  material  coefficients  and  the  material  mass  density  such 
that  specification  of  initial  conditions  and  the  shock  conditions 
defines  the  shock  deposition  process. 

APPARATUS  AND  TECHNIQUES 

The  apparatus  for  measuring  the  length  changes  in  the 
composite  samples  is  shown  in  Figure  1.  The  changes  in  sample  length 
were  observed  as  changes  in  capacitance.  The  capacitor  was  of  the 
three-terminal  type.  The  area  of  the  fixed,  guarded  plate  was  6.41 
cm^.  The  capacitor  gap  was  nominally  0.020  cm,  resulting  in  a 
capacitance  of  approximately  20  pF.  The  capacitance  was  measured 
to  approximately  1 part  in  10^,  giving  a length  resolution  of  10“7cm. 
Sample  lengths  were  typically  0.254  cm.  A calibrated  platinum 
resistance-thermomether  was  situated  in  a well  in  the  sample  platform. 
The  stated  calibration  was  checked  both  at  the  ice  point  and  against 
the  vapor  pressure  of  liquid  nitrogen  between  64  and  77  K.  The 
calibration  points  for  the  resistance  R and  temperature  T were  used 
in  the  relationship, 

R = R0  ( 1 +^T  +^T2),  (12) 

to  determine  values  for  the  constants ^ and  7£.  Values  for  these  con- 
stants were  found  that  represented  the  stated  calibration  to  an  rms 
deviation  of  0.03K  over  the  temperature  interval  230  to  370  K. 
Temperature  changes  were  detected  as  resistance  changes  using  a Hew- 
lett Packard  3490A  Multimeter.  This  instrument  uses  a four  terminal 
measurement  technique  detecting  changes  as  small  as  0.001  ohm.  The 
stated  accuracy  of  the  resistance  measurement  is  0.0001  percent. 

During  the  course  of  the  experiments,  the  Hewlett  Packard  3490A 
Multimeter  and  the  Hewlett  Packard  4270A  Automatic  Capacitance  Bridge 
were  used  in  the  remote,  addressed  mode  for  acquiring  data  and 
transmitting  it  to  a Hewlett  Packard  9830A  Calculator  for  data  stor- 
age and  display.  The  sample  chamber  was  surrounded  by  a can  into 
which  helium  exchange  gas  was  introduced.  A vacuum  space  thermally 
isolated  this  can  from  a surrounding  liquid  bath.  A heater  was 
wound  on  the  exchange  gas  can  to  maintain  the  entire  sample  chamber 
assembly  shown  in  Figure  1 at  the  desired  temperature.  The  data 
acquisition  system  was  programmed  to  maintain  each  temperature  for 
a total  of  thirty  measurements  at  each  temperature.  The  capacitance- 
temperature  data  were  then  averaged  before  being  stored  in  the  memory 
of  the  HP  9830A  Calculator. 


Figure  2 Sample  chamber  for  heal  iap»it\  meaxui 
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The  sample  chamber  used  for  the  heat  capacity  measurements 
is  shown  in  Figure  2.  The  sample  chamber  was  surrounded  by  a vacuum 
can  which  was  used  as  an  adiabatic  heat  shield  about  the  sample  dur- 
ing the  heat  pulse  measurements.  A 100-ohm  heater  was  wound  on  the 
outside  of  this  inner  vacuum  can.  The  inner  vacuum  can  was  thermally 
isolated  from  the  bath  temperature  by  an  outer  vacuum  can.  During 
temperature  calibration,  the  inner  vacuum  chamber  was  filled  with 

helium  exchange  gas.  This  insured  that  the  sample  temperature  was  j 

the  same  as  that  of  the  sample  chamber  assembly.  The  composite 
samples  were  suspended  by  two  0.002  cm  diameter  nylon  wires  from  the 

walls  of  the  sample  chamber.  The  themometer  and  heater  leads  to  the  j 

sample  were  thermally  anchored  to  glass-to-metal  seals,  which  were 
soldered  into  the  base  of  the  copper  sample  chamber.  Copper  wires, 

0.002  cm  in  diameter,  were  used  as  leads  from  the  glass-to-raetal  , 

seals  to  the  sample  to  minimize  the  heat  leak  from  the  sample  chamber 
to  the  sample.  The  sample  heater  was  a 0.004  cm  diameter  constantin 
wire  noninductively  wound  on  the  outside  of  the  sample.  A four 
terminal  circuit  was  used  to  measure  the  current  and  voltage  across 
the  sample  heater.  The  sample  heater  current  was  measured  in  terms 
of  the  voltage  drop  across  a 1-kilohm  resistor  maintained  in  an  ex- 
ternal oil  bath.  The  voltage  across  the  1-kilohm  resistor  and  the 
voltage  across  the  heater  were  measured  with  a Hewlett  Packard  3490A 
Multimeter.  The  time  duration  of  the  heat  pulse  was  detected  with 
a Hewlett-Packard  5328A  Frequency  Counter.  The  stated  acurracy  of 
these  measurements  was  better  than  0.001  percent  for  the  ranges  which 
were  used.  The  primary  themometer  used  in  these  measurements  was 
a calibrated  platinum  resistance-thermometer  as  described  for  the 
relative  length  change  measurements.  The  platinum  resistance  thermo- 
meter was  situated  in  a well  in  the  base  of  the  sample  platform  shown  < 

in  Figure  2. 

Because  the  size  of  the  samples  was  generally  small 
(typically  less  than  3 grams) , the  mass  of  the  sample  thermometer 
was  a major  factor  in  maintaining  the  absolute  accuracy  of  the  heat 
capacity  measurements.  The  use  of  standard  resistance  thermometry 
was  precluded  by  the  size  and  weight  of  commercially  available  plati- 
num, germanium,  and  carbon  resistors.  The  choice  of  the  sample 
thermometer  was  also  based  on  the  nominal  resistance  of  the  tempera- 
ture sensor,  its  temperature  sensitivity,  and  its  reproducibility  on 
thermal  cycling.  The  sample  thermometer  chosen  consisted  of  a 5 cm 
piece  of  0.0004  cm  tungsten  wire  wound  non-inductively  about  the 
sample.  The  wire  was  obtained  in  the  form  of  a 100  ft  (30.3  m)  spool 
from  Sigman  Cohn  Corporation.  The  tungsten  wire  was  attached  to  the 

composite  samples  using  a fine  resin  spray.  This  method  of  attach-  j 

ment  proved  to  provide  good  thermal  contact  between  the  thermometer 
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and  the  sample.  The  room  temperature  resistance  of  the  tungsten 
resistance-thermometer  was  typically  100  ohms.  The  total  resistance 
of  the  tungsten  resistance  thermometer  changed  by  a factor  of  1.64 
between  240  and  370  K.  Changes  in  the  resistance  of  the  tungsten 
resistance-thermometer  were  detected  using  a Hewlett  Packard  3490A 
Multimeter.  The  3490A  Multimeter  us.es  a bridge  principle  for  measure- 
ment such  that  the  nominal  heat  supplied  to  the  temperature  sensor 
was  less  than  1 picowatt.  In  order  to  maintain  a high  precision  of 
temperature  accuracy  for  the  small  temperature  excursions  of  the  sam- 
ple during  and  after  the  application  of  the  heat  pulse,  a function 
was  determined  that  gave  the  tungsten  wire  resistance  in  terms  of  the 
temperature.  The  fit  of  the  tungsten  resistance  over  the  temperature 
interval  240  to  370  K had  an  rms  deviation  equal  to  or  better  than 
that  for  the  primary  platinum  thermometer.  The  function  used  to 
determine  the  temperature  from  the  resistance  of  the  tungsten  wire 
was  of  the  form: 


i=4  (slope)i 

T = 2Z  AiR  (13) 

i=0 


Using  this  function,  the  9830A  Calculator  could  quickly  and  accurately 
calculate  sample  temperatures. 

The  inner  vacuum  chamber  was  evacuated  during  the  heat 
pulse  measurements.  The  inner  vacuum  can  and  the  copper  sample 
chamber  were  maintained  at  a constant  temperature  during  the  heat 
pulse  measurements  and,  thereby,  served  as  adiabatic  heat  shields. 

The  temperature  of  the  adiabatic  shield  and  the  sample  were  maintained 
at  the  same  temperature  for  a period  of  60  seconds  before  a heat 
pulse  sequence  was  initiated.  After  equilibrium  between  the  sample 
temperature  and  the  sample  chamber  assembly  had  been  maintained  for 
a period  of  60  seconds,  the  sample  temperature  was  allowed  to  drift 
cold  for  a period  of  30  seconds.  This  temperature  drift  before  and 
after  the  application  of  the  heat  pulse  was  used  to  correct  for  the 
true  temperature  excursion  during  the  application  of  a heat  pulse. 

The  heat  pulse  duration  was  typically  15  seconds  during  which  time 
a Hewlett  Packard  3490A  Multimeter  was  used  to  make  at  least  15 
separate  readings  of  heater  voltage,  heater  current  and  sample  temper- 
ature. After  15  seconds,  the  current  to  the  heater  was  shut  off 
automatically  and  the  temperature  of  the  sample  recorded  as  a function 
of  time  for  200  seconds.  The  change  in  sample  temperature  was 
determined  by  extrapolating  the  temperature  drift  both  before  and  after 
application  of  heat  to  the  center  of  the  heat  pulse.  The  entire 
process  was  controlled  by  a program  entered  into  the  memory  of  the 
9830A  Calculator.  All  data  collection  and  analyses  were  performed 
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entirely  within  the  Hewlett  Packard  3050B  Data  Acquisition  System. 
A permanent  record  of  each  heat  pulse  was  recorded  with  a Hewlett 
Packard  9862A  Thermal  Printer. 

DATA  ANALYSIS 


The  raw  data  for  the  relative  length  change  measurements 
consisted  of  a series  of  values  of  capacitance  versus  temperature  at 
essentially  zero  pressure.  The  capacitance  C for  a three-terminal 
capacitor  using  a guard  ring  is  related  to  the  gap  length  1 by 

c = fr  e v2  + ire  rw  / i + w ) (14) 

^ ' lg  1 + 0. 22w  V 2r  / 

where  r is  the  radius  of  the  plate  with  the  guard  ring,  £ is  the 
permittivity,  and  w the  half-width  of  the  spacing  between  the  inside 
radius  of  the  guard  ring  and  the  radius  of  the  plate.  The  experi- 
mental geometry  r:>)>w  made  the  effect  of  the  last  term  in  Equation  14 
on  dC/C  less  than  0.3  percent  and  was  neglected.  Changes  in  sample 
length  ls  are  found  directly  in  terms  of  C from  Equation  14  because 
ls  + 1 = constant.  The  linear  expansion  coefficient  was  obtained 

by  differentiating  Equation  14  with  respect  to  temperature  at  con- 
stant pressure  to  give: 

fdlg)=  ?T<£r2  /dC')  + 2ff-£r  /dr)  (15) 

\dT ) C*  dT^  C V dT  / 

The  last  term  in  Equation  15  was  also  neglected  because  the  radial 
expansion  of  the  copper  plates  was  small;  i.e. 


t (f| >>  "Wg 


(16) 


Since  the  gap  length  change  is  equal  and  opposite  to  the  sample  length 
change,  dls  = “dig,  the  linear  expansion  coefficient  is  given  by 


Ot,  = r2  / dC)  (17) 

is  c2  V di£ 

Because  measurements  were  taken  along  three  perpendicular  axes  for 
each  sample,  the  volume  expansion  coefficient  was  obtained  by  adding 
the  three  linear  expansion  coefficients  for  each  sample. 


The  specific  heat  of  a material  is  defined  as  the  heat 
capacity  normalized  per  mass,  volume,  or  mole.  For  a solid  maintained 
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at  essentially  zero  pressure,  the  specific  heat  at  constant  pressure, 
Cp  is  given  by: 

cp  = 1 ( A Q)  = 1 Vh  Ih  ^ t (18) 

m ( A T)  m T 

where  m is  the  mass  of  the  sample,  AQ  the  total  amount  of  heat  added 
to  the  sample,  V^,  the  voltage  across  the  heater,  1^,  the  current 
in  the  heater,  and  St  the  total  time  the  heater  was  on.  The  heat 
leak  from  the  heater  leads  to  the  sample  was  corrected  through  the 
use  of  a three-terminal  measurement  technique  of  heat  supplied  to  the 
heater.  In  this  technique  two  matched  leads  are  connected  from  the 
glass-to-metal  seals  in  the  base  of  the  chamber  assembly  to  one  side 
of  the  sample  heater.  A third  matched  lead  extends  from  the  other 
side  of  the  sample  heater  to  a third  glass-to-metal  seal  thermally 
anchored  to  the  sample  platform  assembly.  In  this  manner,  exactly 
one-half  of  the  ohmic  heating  occurring  in  these  lead  wires  is  auto- 
matically counted  in  the  measurement  of  power  supplied  to  the  sample 
heater.  The  other  half  of  the  ohmic  heating  is  not  counted  because 
it  is  absorbed  by  the  sample  platform  assembly.  The  additional 
heat  capacity  of  the  sample  heater  and  thermometer  was  much  smaller 
than  that  of  the  composite  samples,  C sample £10^  (C^tr  + Ct^erm) , 
and  corrections  to  the  calculated  specific  heat  values  for  the  masses 
of  the  heater  and  sample  thermometer  were  also  neglected. 

COMPOSITE  SAMPLES 

The  composite  samples  were  obtained  from  Dr.  I.  Daniel, 

IIT  Research  Institute,  Chicago,  Illinois.  The  samples  selected  were 
representative  of  different  types  of  composites  as  well  as  similar 
materials  with  different  plies.  The  composite  selection  included 
cross-ply  E-Glass,  cross-ply  S-Glass,  unidirectional  S-Glass,  boron/ 
aluminum  1928-9,  boron/aluminum  1928-11  and  KEVLAR.  The  <;-axis  was 
taken  as  that  axis  perpendicular  to  the  plies.  The  a and  b^  axes  were 
identified  as  spatially  orthogonal  to  the  c^  axis. 

The  resin  composites  absorb  moisture  from  the  air  over 
prolonged  periods  of  explosure.  Before  the  samples  were  mounted  in 
the  sample  chamber,  each  sample  was  held  in  an  oven  at  373  K for  a 
period  of  approximately  1 week.  After  the  samples  were  mounted  in 
the  sample  chamber,  the  samples  were  heated  to  380  K,  and  a vacuum 
established  about  the  sample.  The  heated  samples  were  maintained  in 
vacuo  for  a period  of  day  before  experiments  were  initiated. 
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RESULTS 


A typical  plot  of  relative  length  change  versus  temperature 
is  shown  in  Figure  3 for  the  £-axis  of  a KEVLAR/ERLA  4617  sample. 

The  linear  expansion  coefficient  can  be  obtained  through  a point-by- 
point  differentiation  of  the  data  shown  in  Figure  3.  The  scatter 
inherent  in  this  technique  is  approximately  +5%.  In  order  to  handle 
the  numerous  calculations  for  which  these  data  will  be  used,  a 
different  technique  was  used  to  calculate  the  linear  expansion  coeffi- 
cient. An  analytic  function  was  calculated  to  fit  the  relative 
changes  in  length.  Typically,  8 to  10  points  from  the  relative  length 
change  versus  temperature  curves  were  used  to  find  an  analytic  function 
of  the  form: 


A g„(T)  = 

MT; 


i=N 

2 

i=0 


Ai  T 


(19) 


The  linear  expansion  coefficient  is  then  found  by  differentiating  the 
analytic  function  found  from  Equation  19  with  respect  to  temperature. 
The  linear  expansion  coefficient  corresponding  to  the  data  shown  in 
Figure  3 for  relative  length  changes  along  the  £-axis  in  KEVLAR  is 
shown  in  Figure  4.  The  volumetric  expansion  coefficient  is  then  ob- 
tained by  adding  the  linear  expansion  coefficients  for  the  three 
independent  spatial  axes.  The  volumetric  expansion  found  for  samples 
of  boron/aluminum  1928-9  is  shown  in  Figure  5. 


The  specific  heat  data  were  taken  at  approximately  0.5  K 
temperature  increments  from  240  to  370  K.  The  raw  specific  heat  data 
for  cross-ply  S-Glass  epoxy  composite  is  shown  as  a function  of 
temperature  in  Figure  6.  To  facilitate  handling  of  the  data,  an 
analytic  function  of  the  form 

CP  (T)  = y?  ci  Ti  (20) 

i=0 


was  fit  to  ten  experimental  specific  heat  versus  temperature  data 
points.  From  the  smoothed  curves  obtained  for  the  volumetric  expans- 
ion coefficient  and  those  obtained  for  the  specific  heat  from  Equation 
20,  it  is  possible  to  show  the  temperature  dependence  of  P /CQ  , where 
C0  is  the  speed  of  sound  in  the  solid  material.  The  Gruneisen  para- 
meter is  given  by 


r(T)  _ ot_v 

Vv 


(21) 
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The  temperature  dependence  of  the  quantity  10H  P/ CQ  (g/erg)  is  shown 
for  samples  of  cross-ply  E-Glass  and  cross-ply  S-Glass  epoxy  com- 
posites in  Figures  7 and  8 respectively.  Because  the  experimental 
data  that  leads  to  the  formation  of  Figures  7 and  8 is  too  voluminous 
to  present  herein,  the  differences  in  their  temperature  dependence  is 
summarized.  The  heat  capacities  of  the  S-Glass  composites  were  found 
to  be  higher  than  those  measured  for  the  E-Glass  composites.  The 
thermal  expansion  coefficients,  while  the  same  order  of  magnitude 
for  both  type  of  Glass  epoxy  composites,  exhibited  a much  stronger 
temperature  dependence  for  the  S-Glass  composites.  In  fact,  both 
S-Glass  composites  exhibited  a negative  volumetric  expansion  coeffi- 
cient for  temperatures  below  approximately  325  K.  Because  the  iso- 
thermal compressibility  is  generally  slowly  varying  with  temperature 
over  the  temperature  interval  of  interest,  it  can  be  seen  from  Equa- 
tion 21  that  the  quantity  <tyCv  shown  in  Figures  7 and  8 is  a good 
approximation  to  the  temperature  dependence  of  the  Gruneisen  parameter. 
Although  neither  isothermal  compressibility  nor  sound  velocity 
measurements  are  presently  available  over  this  temperature  interval, 
it  is  reasonable  to  assume  that  the  strong  temperature  dependence 
of  <X/CV  shown  in  Figures  7 and  8 and  simlliarly  found  for  the  other 
composites  measured  in  this  investigation  indicates  that  the  use  of 
only  the  room  temperature  value  of  the  Gruneisen  parameter  in  shock 
compression  equations-of-state  will  lead  to  erroneous  or  uninterpret- 
able predictions  of  the  time  dependent  response  of  a composite 
material  to  shock  loading. 

APPLICATIONS  TO  DEVELOPMENTAL  WORK 

Composite  materials  present  certain  physical  properties 
that  make  them  promising  candidates  for  use  in  hardening  vehicles  and 
countermine  equipment  to  mine  blast  and  shrapnel  damage.  The  heat 
capacities  measured  for  the  composite  materials  are  of  the  same  order 
of  magnitude  as  that  found  for  strong  metals.  The  composite  materials 
are  capable  of  absorbing  large  quantities  of  energy  from  shock 
loading.  The  thermal  expansion  of  composite  materials  is  generally 
slightly  higher  than  that  used  in  armor  materials.  The  composite 
materials  are  considerably  lighter  than  armor  materials  while  retain- 
ing strength  properties  equal  to  that  found  in  armor  steels.  The 
composites  can  be  formed  with  the  reenforcement  plies  perpendicular 
to  the  direction  of  anticipated  loading.  Armor  steels  are  essentially 
homogeneous  solids  and  critical  loading  results  in  catastrophic  fail- 
ure to  an  entire  structure.  Composite  materials,  while  exhibiting 
local  failure  to  blast  loading,  retain  their  structural  form  and  thus 
their  functionality.  In  addition,  the  composite  material  absorbs 
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large  amounts  of  the  shock  energy  and  does  not  pass  this  energy 
through  it  to  some  other  weaker  link  in  the  structure. 

For  development  work,  it  is  necessary  to  consider  not  only 
the  physical  properties  of  the  composite  materials  but  also  the  cost 
of  acquisition  and  tooling  workable  structures.  Shown  in  Figure  9 
is  a cylindrical  form  built  principally  of  low  cost  KEVLAR.  This 
particular  KEVLAR  structure  has  been  subjected  to  the  blast  and 
shrapnel  from  ten  M-21  mines  (M-21  mines  contain  10  lb  of  H-6 
explosive).  The  structure  survived  these  repeated  shots  at  distances 
ranging  from  2 to  6 feet  at  the  solid  angle  found  to  have  the  highest 
density  of  metal  mine  fragments.  This  particular  structure  was 
developed  to  protect  a countermine  coil,  used  to  clear  magnetic 
influence  mines,  from  blast  and  shrapnel  damage.  Shown  in  Figure  10 
are  two  fully  hardened  countermine  coils  Co  be  used  in  field  testing 
against  live  mines.  The  composite  material  used  to  harden  the  coil 
to  blast  and  fragment  damage  amounts  to  less  than  40%  of  the  weight  of 
the  total  coil  structure. 


CONCLUSIONS 

Future  measurements  of  the  sound  velocity  of  these  compos- 
ites will  define  the  temperature  dependence  of  the  Gruneisen 
parameter  and  the  temperature  dependence  of  the  ratio  of  the  material 
coefficients  in  the  shock  compression  equations-of-state.  These  data 
will  permit  the  development  of  predictive  codes  that  can  trace  the 
time  evolution  of  shock  deposition  in  various  structures.  The 
high  specific  heat  values  found  for  composites  indicates  that  these 
materials  can  be  used  to  absorb  large  quantities  of  energy  and  thereby 
preclude  the  passage  of  this  energy  to  weaker  links  in  the  structure. 
The  temperature  dependence  of  the  quantity  <X/CV  indicates  a strong 
dependence  of  the  Gruneisen  parameter,  P,  on  temperature  and  conse- 
quently the  importance  of  defining  B(T)/A(T)  for  composites  before 
development  of  predictive  codes. 

REFERENCES: 

P.  Harris  and  L.  Avrami,  "Some  Physics  of  the  Gruneisen  Parameter", 
Picatinny  Arsenal  Technical  Report  No.  4423,  September  1972. 
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Fig.  10.  Two  Completely  Hardened  Countermine  Coil  Forms 
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INTRODUCTION 

Next-generation  RADAR  and  ELINT  systems  are  planned  to  provide 
the  field  commander  with  comprehensive  intelligence  on  the  disposition 
of  enemy  weapons  and  electronics  equipment.  Ultra-compact  signal  proc- 
essors with  unprecedented  capabilities  are  the  heart  of  these  systems. 
Fabrication  of  the  required  high-density  integrated  circuits  (IC's), 
with  elements  in  the  micron  to  submicron  range,  is  beyond  the  resolu- 
tion limit  of  state-of-the-art  optical  photolithography.  Electrons 
with  10-20  keV  energies  can  be  accurately  focused  to  beam  diameters 
much  less  than  a micron.  Electron-beam  lithography  (EBL)  meets  the 
projected  resolution  requirements,  and  is  expected  to  be  a key  tech- 
nology for  the  production  of  sophisticated  new  digital  communications 
systems  for  the  Army.. 

Like  the  photolithographic  IC  production  technique,  EBL  is  also 
totally  dependent  upon  organic  polymer  resists  for  pattern  delineation. 
In  EBL  processing,  a 5,000-10,000  A resist  film  is  spun  onto  the  mono- 
lithic IC  substrate.  IC  patterns  are  then  written  into  the  resist  with 
the  finely  focused  electron  beam.  E-beam  irradiation  decreases  or  in- 
creases the  resist  molecular  weight,  which,  in  turn,  increases  or  de- 
creases the  dissolution  rate  relative  to  the  unirradiated  portion  of 
che  resist  layer.  When  the  irradiated  resist  pattern  dissolves  at  a 
faster  rate,  an  indented  image  is  formed,  and  the  resist  is  termed  a 
positive  acting  resist  (see  Figure  1).  If  the  opposite  occurs,  the 
resist  is  termed  to  be  negative  in  function  (see  Figure  2). 


/ 


Economical  EBL  production  hinges  upon  the  resist  sensitivity, 
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Figure  2.  Scanning  electron  micrograph  of  developed  electron-beam 
etched  lines  in  poly (alpha-chloroacrylonitr ile) . 
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which  governs  the  electron  writing  time  per  wafer.  The  objective  of 
our  work  is  a set  of  sensitive  resists  with  varying  properties  for 
the  production  of  next-generation  high-performance  military  IC  devices. 
Early  efforts  in  this  technological  area  have  been  largely  based  upon 
the  availability  of  commercial  polymers.  In  this  work,  we  apply  basic 
radiation-chemistry  principles,  which  were  more  or  less  disregarded 
previously,  to  devise  and  develop  high-merit  polymer  resists. 

RADIATION  EFFECTS  AND  MEASUREMENT  TECHNIQUES 

When  a polymer  resist  is  irradiated  in-vacuo  with  10-20  keV  elec- 
trons (or  equivalent  gamma-irradiation),  both  chemical  and  physical 
changes  occur.  First,  the  polymer  molecular  weight  changes  due  to 
bond-scission  or  crosslinking. 

Changes  in  number-averaged  molecular  weight,  Mn,  obey  the 
equation:  (1) 

M_1  = M"1  + [g  -G  1 D/100  N (1) 

n n,o^sx  A 

where  Gs  and  Gx  are  the  radiation  scission  and  crosslinking  yields  Per 
100  eV  absorbed  dose,  Na.  Avogodro's  number,  and  D the  radiation  dose. 
Similarly,  the  weight-averaged  molecular  weight,  Mw,  follows  the 
equation:  (2) 

M_1  = M_1  + [G  -4G  1 D/200  NA  (2) 

w w,o  I s xj  A 

Thus  if  (M  ) and  (M  ) are  followed  as  a function  of  dose,  Gs  and  Gx 
may  be. obtained  from  the  slopes  of  the  two  independent  determinations. 
Values  of  Mn  are  usually  obtained  by  membrane  osmometry,  while  Mw  is 
obtained  by  either  gel  permeation  chromatography  (3)  or  light  scatter- 
ing techniques  (3).  For  Gs  predominant  the  resist  is  positive;  for 
Gx,  negative. 

When  polymers  undergo  radiation- induced  main-chain  scissions,  the 
formation  of  free  radicals  is  a consequence.  Under  certain  conditions 
some  of  these  radicals  are  stable  enough  to  be  observed  by  electron 
paramagnetic  resonance  techniques  (4).  As  in  scission  and  cross- 
linking  radiation  processes,  radiation-scission  radical  values,  G(rads)', 
can  be  measured.  Polymers  with  high  G(rads)  are  also  found  to  have 
high  Gs-Gx  or  Gs  (5). 

The  last  technique,  but  most  important  to  electron  resist  re- 
searchers, is  the  direct  e-beam  sensitivity  (Q)  method.  Q is  the'tota’l 
absorbed  e-beam  dose  in  couloinbs/cm^  and  is  measured  by  scanning 
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electron  microscopy  techniques.  For  a positive  resist,  Q is  defined 
as  the  dose  at  which  20%  of  the  unexposed  resist  is  removed  during  de- 
velopment for  complete  dissolution  of  the  irradiated  beam  pattern  area. 
This  is  also  equivalent  to  a dissolution  rate  ratio,  dirradiatea/ 
dunirradiated  (6),  of  5.  Fora  negative  resist,  Q is  defined  as  the 
dose  at  which  a 50%  thickness  of  irradiated  resist  remains  following 
total  development  dissolution  of  the  unexposed  resist  portion. 

All  of  the  techniques  discussed  above  are  capable  of  measuring 
the  radiation  degradation  or  crosslinking  susceptibility  of  a polymer 
resist  system.  The  independent  G values  have  been  found  to  be  well 
correlated  (7). 

POLYMER  RESIST  STRATEGY 

Before  directly  testing  a polymer  as  a predetermined  type  of  a re- 
sist, an  arduous  and  time-consuming  task,  the  radiation  behavior  of 
that  polymer  should  be  reviewed  if  it  has  been  previously  investigated. 
If  it  hasn't  been  studied  at  the  basic  level,  it  is  probably  time- 
efficient  to  do  one  or  more  of  the  measurements  described  in  Radiation 
Effects  and  Measurement  Techniques,  than  to  proceed  to  direct  testing. 
This  is,  in  fact,  how  resist  research  at  ET&DL  is  carried  out.  The 
basis  for  several  of  the  e-beam  resists  utilized  today  can  be  found  in 
the  basic  polymer  radiation  chemistry  papers  published  between  1958 
and  1973. 


Wall  (8)  and  Miller  et  al  (9)  observed  very  early  that  vinyl  poly- 
mers of  the  form -(CH2-C (X)Y-)-,  where  X nor  Y is  hydrogen,  degrade  pref- 
erentially when  subjected  to  ionizing  radiation  in  vacuo.  Polyinethyl 
methacrylate  (PMMA)  ~fCH2-C(CH3)C02CH3)-,  a high-resolution  positive  e- 
beam  resist,  is  an  example;  PMMA  has  a Gs  value  of  1.3  (10),  a Gx 
value  of  zero  (11),  a G(C02Cll3)  of  1.0  (12),  and  Q is  5x10" 5 C/cm2  (13). 
Although  PMMA  is  capable  of  high  resolution,  its  sensitivity  Q is  too 
low  for  commerical  utilization  in  EBL. 

Our  approach  to  the  development  of  a more  sensitive  positive  re- 
sist is  to  retain  the  basic  known  degrading  structural  unit  -fCH2~C(X)Y-)-, 
but  to  replace  the  X or  Y group  (e.g.,  CH3  for  PMMA).  By  substituting 
electron-withdrawing  or  electronegative  groups  at  X or  Y,  we  hoped  to 
weaken  the  energy  required  for  degradation  and  to  increase  resist  sen- 
sitivity. This  effect  is  found  experimentally  for  moleculan  organics. 
The  C-C  bond  energy  in  CH3-CO-CO-CH3 , for  example,  is  60  keal/mole, 
compared  to  83  kcal/mole  for  H3C-CH3 ; the  electronegative  oxygen  sub- 
stituents on  the  carbons  reduce  the  C-C  bond  energy  by  28%. 
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Following  this  polymer  selection  criterion,  four  basic  vinyl 
polymers,  poly (methaerylonitrile) (PMCN)  -(CH2~C(CH3)  CN)-,  poly(methyl 
alpha-chloroacrylatc)  (PMCA)  -(Clla-C (Cl JCC^CI^-)-,  copolymer  P(MCA-co-MMA), 
and  copolymer  P (MCN-co-MCA) , have  been  studied  at  the  basic  level. 

PMCN  represents  a substitution  of  the  Y substituent  with  an  electron- 
withdrawing  cyano  (CN)  group  and  PMCA  represents  a substitution  of  the 
methyl (CH3)  group  at  X with  electronegative  chlorine  (Cl).  In  addi- 
tion, poly  (isobutyl  methacrylate  -[CH2~C(CH3)  C02CH(C!l3)2;}-  was  studied 
to  determine  the  effect  of  the  bulky  ester  alkyl  group;  poly (alpha- 
hydroxy  isobutyric  acid) -(C (CH3) 2-COO)- was  selected  and  studied  to 
determine  if  the  polyester  unit  ‘(COO)- combined  with  the  well-known 
degrading  quaternary  carbon  unit  -(C(CH3)2)'>  could  enhance  Gs  or 
Q over  those  values  of  PMMA  reference.  Results  of  these  basic  radia- 
tion studies  are  found  in  Table  I. 

PMCA  and  P(MCA-co-MMA) are  seen  to  be  2-4X  more  susceptible  to 
radiation  degradation  than  PMMA  (14).  Higher  radiation  degradation 
susceptibility  is  also  observed  for  PMCN  (15)  and  P (MCN-co-MCA) . 

Direct  e-beam  testing  is  warranted  for  all  these  systems.  In  con- 
trast, poly (alpha-hydroxy  isobutyric  acid)  (16)  and  poly (isobutyl 
methacrylate  (17)  were  found  to  be  less  susceptible  to  radiation 
degradation  than  PMMA,  and  e-beam  testing  was  not  warranted. 

Similar  basic  radiation  studies  of  positive  resists  poly (butene- 
1-sulfone)  (18),  poly (isobutylene)  (10),  and  poly (alpha-methyl  sty- 
rene) (20)  were  the  foundations  for  several  of  the  results  listed  in 
Table  1. 


E-BEAM  RESIST  TESTING  RESULTS 
Positive  Resists 

Negative  e-beam  resists  possess  lower  intrinsic  resolution  capa- 
bility than  positive  resists;  therefore,  the  ETDL  resist  program  has 
dealt  mainly  with  positive  resist  development  — except  for  one  sys- 
tem (see  Negative  Resist  Section).  In  addition,  negative  resists  ex- 
hibit stronger  tendencies  to  swell  during  development  processing, 
which  tends  to  lead  to  bridging  of  written  features  and  resist  distor- 
tions (21).  Utilization  of  negative  resists  for  direct-write  e-beam 
lithography  in  the  submicron  domain  will  probably  be  excluded. 

Following  our  basic  radiation  studies  where  higher  G values  were 
observed  for  PMCA  versus  PMMA  reference  (14),  we  determined  that  TMCA 
functioned  as  a more  sensitive  positive  resist  (22)  than  PMMA.  In- 
formal collaboration  with  Texas  Instruments  (TI)  group  working  under 
ECOM  contract  //DAAB07-75-C-1297  led  to  further  testing  of  PMCA;  TI 


TABLE  I.  G values  and  e-beam  sensitivities  for  known  positive  resist  polymers. 
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found  t!ie  resist  to  be  even  more  sensitive  than  reported  by  ETDL  (see 
Table  I).  This  resist  is  currently  undergoing  advanced  device  produc- 
tion testing  under  ERADCOM  contract  //MMT-76-C-8105.  Although  this 
polymer  is  less  sensitive  than  the  Bell  Labs  licensed  poly (butene-1- 
sulfone)  resist  (see  Table  I),  it  possesses  superior  shelf-life  sta- 
bility, substrate  adhesion,  and  ion-etch  "dry-processing"  compatibili- 
ty. PMCA  does,  however,  crosslink  to  some  extent  as  determined  by 
the  Gx=0.5-0.7  value  from  the  basic  studies,  but  this  does  not  seri- 
ously impair  its  positive  resist  behavior.  This  deficiency  can  be 
overcome,  at  the  expense  of  Gs,  by  utilization  of  the  P(MCA-co-MMA) 
copolymer  system.  The  basic  study  results  of  Table  1 show  that  Gs 
is  decreased  about  twofold  while  Gx  is  decreased  about  tenfold.  This 
explains  why  Lai  et  al  (23)  of  Honeywell  were  able  to  observe  better 
Q values  for  their  P(MCA-co-MMA)  copolymer  systems  than  for  their  MCA 
homopolymer  resist  sample.  Our  earlier  basic  studies  with 
P(MCA-co-MMA)  helped  lay  the  ground'work  for  their  results  and  they 
referenced  our  study  (24). 


The  G values  of  Table  I for  PMCN  and  P(MCN-co-MCA)  dictated  di- 
rect e-beam  testing  for  these  systems.  They  are  found  to  function  as 
sensitive  positive  resists.  See  Figure  3 for  sample  e-beam  etched 
patterns  for  these  systems.  Preliminary  measurements  indicate,  that 
Q is  4~8xI0-^  C/cm^  for  PMCN  and  1-2x1 C/cm^  for  the  copolymer 
(70%  MCA  - 30%  MCN) . It  should  be  emphasized  here  that  Q is  strongly 
a function  of  development  processing,  and  that  these  processes  require 
a considerable  amount  of  research  to  produce  optimization.  Following 
our  lead  into  the  MCN  polymer  resist  formulation  (25),  Bell  Labs  in- 
dependently reported  (26)  that  P (MCN-co-MMA)  functions  as  a very 
sensitive  positive  e-beam  resist  (see  Table  I) . 


Negative  Resists 


Positive  resists  act  as  high-resolution  negative  resists  when 
overexposed.  The  doses  required,  however,  are  usually  1.5-2  orders 
of  magnitude  higher  than  usual.  Poly (nlpha-chloroacrylonitrile) 
(PACAN)  -4CH2-C(C1)CN)-,  an  early  ETDL  test  posi  tive  system,  changes 
resist  behavior  at  significantly  lower  electron  charge  densities. 

The  0 value  at  10  keV  is  found  in  Table  II.  Although  PACAN  is  not 
as  sensitive  as  the  Bell  Labs  F(GMA-co-EA)  system,  it  is  more  sensi- 
tive than  the  TI  polystyrene  resist  (27)  and  is  capable  of  high 
resolution  (see  Figure  2). 


PACAN  must  crosslink  at  the  alpha-chlorine  site  (i.e.,  the  X 
site).  Chlorine  removal  (i.e.,  C-Cl  bond  cleavage)  evidence  for  ir-' 
radiated  poly(vinyl  chloride)  -{CH2-C(C1  )H}-,  and  Penton 
~(CH2-C(CH2C1) 2-CH2-O  is  well  established  (28,29).  Although  the 
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Figure  3.  Scanning  electron  micrographs  of  developed  electron-beam 
etched  lines  in  (A)  poly(methacrylonitrile)  and  (B)  the  copolymer 
poly (methacrylonitrile-co-methyl  alpha-chloroacrylate) . 
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C-Cl  bond  is  weaker  than  the  C-C  bond  in  these  polymers,  there  is  evi- 
dence that  the  chlorine  in  Fenton  is  cleaved  off  by  a dissociative 
electron  capture  reaction  (29)  which  is  thermodynamical ly  favorable 
(30).  Negative  resist  behavior  for  PACAN  may  also  be  the  result  of  a 
low  glass  transition  temperature,  t0.  It  is  notable  that  structurally 
similar  PMMA,  PHCA  and  PMCN  all  have  t(,  values  above  100  C and  the 
crosslinking  reactions  for  these  polymers  are  strongly  suppressed. 


TABLE  11.  Negative  e-beam  resist  sensitivities  for  four  representative 


systems . 

Resist  System 

2 

0 at  10  kV,  C/Cm 

Lab 

Polystyrene 

-A 

2x10 

Tia 

PACAN 

5x1 0"5 

ETDLb 

P(GMA-co-S) 

5xl0"6 

HRCC ; BTL1 

P (GMA-co-EA) (COr) 

4xlO~7 

BTLd 

Texas  Instruments 

^Electronics  Technology  and  Devices  Lab  (ERADCOM) 

c 

Honeywell  Corporate  Research  Center 
d Bell  Labs 


RESIST  SUMMARY 

Only  two  e-beam  resists,  one  negative  (COP)  and  one  positive 
(poly (butene-l-sulfone) ) , are  commercially  available.  These  two 
resists  ofler  high  sensitivity,  but  are  beset  with  undesirable  proper- 
ties as  well.  The  best  positive  resist,  excluding  sensitivity,  is 
still  standard  PMMA.  The  ETDL  positive  test  systems,  FMCA  and  PMCN, 
are  not  optimized  to  the  extent  of  the  Bell  Labs  commercial  resists, 
but  preliminary  results  are  very  encouraging  and  advanced  testing 
warranted.  PMCA  and  P(MCA-co-MMA)  resists have  higher  ion-etch  com- 
patibilities and  possess  potential  as  dry-process  submicron  produc- 
tion resists. 
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Much  in-depth  research  is  still  needed,  both  at  the  basic  and 
production  levels,  to  insure  attainment  of  a suite  of  resists  with 
desirable  and  diversified  properties  suitable  for  specific  large  scale 
integration  devices. 
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SUMMARY 


A laser  velocimeter  was  installed  in  the  Langley  4-  by  7-meter 
low-speed  (V/'HOL)  tunnel  to  measure  the  velocity  field  about  a wing 
with  a NACA  0012  airfoil  section*  These  measurements  were  compared  at 
two  low  angles  of  attack  (0°,  4.15°)  with  a two-dimensional  viscous-flow 
prediction  program.  At  0°,  the  comparison  provided  confidence  in  the 
effectiveness  and  accuracy  of  the  laser  velocimeter.  At  4.15°,  the  data 
indicated  that  a small  laminar  separation  bubble  with  oscillating  shear 
layer  probably  existed.  The  unique  capability  of  the  laser  velocimeter 
in  measuring  absolute  flow  magnitude  and  direction  without  prior  know- 
ledge of  general  flow  direction  was  demonstrated  in  the  complex  separated 
reverse  .lows  over  the  wing  at  an  angle  of  attack  of  19.4°. 


INTRODUCTION 


The  laser  velocimeter  (LV)  is  a non- intrusive  velocity  measure- 
ment instrument.  Its  application  has  been  demonstrated  in  difficult 
situations  where  conventional  devices  either  cannot  survive  or  their 
presence  would  severely  influence  the  measurement  desired.  Reference  1 
describes  the  application  of  the  LV  in  determining  the  velocity  charac- 
teristics within  turbine  stages  of  an  engine  assembly  where  pressure 
probe  blockage  was  found  to  affect  the  velocity  measurement  significantly. 
In  very  low  velocity  situations  with  large  turbulent  structure,  the  LV 
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has  been  found  to  be  very  effective  (see  refs.  2 and  3).  In  this 
situation,  measurement  by  conventional  devices  would  have  been  very 
cumbersome  with  large  rapid  traversing  mechanisms  which  would  have 
inherently  influenced  the  velocity  field.  In  many  situations,  the 
direction  of  the  velocity  at  the  desired  measurement  location  is  not 
known.  In  this  case,  conventional  measurement  techniques  require 
careful  measurements  of  flow  direction  before  precise  velocity  measure- 
ments could  be  obtained.  Often  the  researcher  is  faced  with  the  problem 
of  obtaining  velocity  measurements  where  flow  direction  is  unknown  and 
insertion  of  conventional  devices  will  cause  damage  to  the  instrument 
or  the  model.  The  determination  of  the  in-plane  velocity  characteris- 
tics of  a helicopter  rotor  system  provides  the  most  comprehensive  use 
of  the  unique  capabilities  of  the  LV  (ref.  4). 

An  LV  system  installed  in  the  4-  by  7-meter  low-speed  (V/STOL) 
tunnel  at  Langley  was  designed  to  accomplish  two  objectives:  (1)  to 
demonstrate  and  verify  the  use  of  the  LV  in  this  facility  by  comparison 
with  theoretical  techniques,  and  (2)  to  determine  the  flow  characteris- 
tics over  a stalled  three-dimensional  wing. 


SYMBOLS 


The  axes  used  for  this  investigation  are  presented  in  figure  1. 


Figure  1.  - Sketch  of  axis  system  used  including 
directions  of  velocity  components  computed. 

The  velocity  measurement  position  was  referenced  to  the  airfoil  chord- 
line, and  the  velocity  measurement  magnitude  was  referenced  to  the  free- 
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stream  direction.  The  units  for  the  physical  quantities  defined  in  this 
paper  are  the  International  System  of  Units.  Most  quantities  were 
measured  in  this  system;  however,  some  were  measured  in  the  U.S. 
Customary  Units  and  converted  by  using  factors  given  in  reference  5. 


c wing  chord,  0.3048  m 

N number  of  velocity  measurements  in  one  ensemble 

til 

number  of  velocity  measurements  in  i histogram  interval  as 
percent  of  N 


U^  local  velocity  component,  parallel  to  direction  of  free- 

stream  velocity,  m/sec 


local  velocity  component  in  LV  optics  coordinate  system,  45° 
above  tunnel  centerline  (see  fig.  1) 

2 2~ 

U^  + , m/sec 


Uj,  free-stream  velocity  determined  from  pitot-static  probe, 

m/sec 

local  velocity  component,  perpendicular  to  direction  of  free- 
stream  velocity,  m/sec 

local  velocity  component  in  LV  optics  coordinate  system,  45° 
below  tunnel  centerline  (see  fig.  1) 

Xc,Yc  coordinate  axis  relative  to  wing  chord 

x£  distance  downstream  from  airfoil  leading  edge  along  chord,  m 


yc  distance  above  wing  chord,  perpendicular  to  it,  m 

a wing  angle  of  attack,  deg 


APPARATUS 


A fringe-type  LV  optics  system  operating  in  the  backscatter  mode 
was  used  for  these  tests.  A sketch  of  the  optics  system  is  presented  in 
figure  2,  and  a photograph  is  presented  in  figure  3.  A high-speed  burst 
counter  was  used  to  measure  the  period  of  the  high-frequency  signal 
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contained  in  the  burst  from  a particle  traversing  the  sample  volume. 

LV  system  control,  data  acquisition,  and  data  reduction  were  handled  by 
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Figure  2.  - Schematic  of  the  LV  optics. 


Figure  3.  - Photograph  .of  the  LV  optics. 


a minicomputer.  A complete  description  of  the  LV  optical  system,  elec- 
tronics system,  and  data  acquisition  and  reduction  is  available  in 
reference  6. 
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The  model  used  in  this  investigation  was  a simple  straight  wing.  It 
had  a span  of  2.438  m,  a chord  of  0.3041  m,  and  a NACA  0012  airfoil 
section.  Velocity  measurements  were  mace  at  center  span  to  obtain 
two-dimensional  characteristics.  The  wing  was  supported  by  struts 
from  the  floor  near  the  tunnel  centerline  with  no  balance  measurements 
taken.  The  location  of  the  strut  mount  to  the  wing  was  chosen  as  far 
outboard  as  structurally  feasible  to  minimize  flow  disturbance  at  the 
wing  centerline.  A photograph  of  the  model  with  crossing  laser  beams 
is  presented  in  figure  4. 


Figure  4.  - Straight  wing  with  NACA  0012  airfoil 
section  installed  in  V/STOL  tunnel  with 
crossing  laser  beams. 


This  ivestigation  was  conducted  in  the  Langley  4-  by  7-meter 
low-speed  (V/STOL)  tunnel  at  a nominal  free-stream  Mach  number  of  0.15. 
The  Reynolds  number  based  on  the  wing  chord  was  approximately  1 x 10^. 
Local  flow  velocities  were  measured  about  the  wing  centerspan  at  three 
angles  of  attack:  0°,  4.15°,  and  19.4°.  The  low  angle-of-attack 
measurements  were  obtained  to  compare  with  a two-dimensional  theoretical 
prediction  technique  (ref.  7),  and  the  high  angle-of-attack  measurements 
were  obtained  to  define  the  flow-field  characteristics  over  a separated 
airfoil. 


A pitot-static  probe  was  mounted  2.5  m below  and  1 m ahead  of  the 
the  wing  centerline  to  provide  accurate  reference  for  the  free-stream 
tunnel  dynamic  pressure.  A hygrometer  was  used  to  obtain  wet  bulb  tem- 
peratures and,  total  temperature  was  measured  in  the  settling  chamber. 
Thus,  the  tunnel  air  density  could  be  calculated,  and  with  dynamic 
pressure  measurements, the  tunnel  velocity  could  be  accurately  determined. 
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DISCUSSION 


Velocity  measurements  at  each  measurement  location  were  first 
reduced  to  histogram  form.  These  data  for  the  wing  at  a = 0°  and  4.15'1 
(relative  to  tunnel  geometric  centerline)  along  with  a description  of 
data  reduction  technique,  histogram  interpretation,  and  complete  error 
analysis  can  be  found  in  reference  6. 

Free-stream  velocity  measurements  were  obtained  with  the  LV  in 
the  clear  tunnel  at  the  location  of  the  wing  centerline.,  These  data 
indicated  an  average  upwash  angle  of  0.6°  (relative  to  tunnel  geometric 
centerline).  The  wing  was  installed  with  the  chordline  parallel  to  test- 
section  centerline;  therefore,  the  effective  angle  of  attack  was  assumed 
to  be  0.6°.  It  is  known,  however,  that  the  presence  of  the  wing  and 
struts  charge  this  angle,  but  the  magnitude  of  this  change  is  noc  known. 


Prediction  Technique 

The  external  forces  generated  on  a body  in  a fluid  are  manifes- 
ted in  the  velocity  distribution  of  the  fluid  about  the  body.  In 
developing  a prediction  technique,  the  calculations  at  the  surface  of 
the  body  are  verified  with  conventional  pressure  and  force  measurements. 
Reference  7 presents  an  excellent  comparison  with  measured  surface 
pressures  for  this  viscous-flow  prediction.  Since  the  local  surface 
pressures  are  computed  from  predicted  local  surface  velocities,  it  is 
justifiable  to  question  the  validity  of  the  predicted  velocities  away 
from  the  surface.  The  need  to  verify  these  prediction  velocities  is 
evident.  The  use  of  conventional  probes  near  the  surface  raises  ques- 
tions about  the  accuracy  of  the  measurement  because  of  the  interferences 
caused  by  the  presence  of  the  probe.  It  was  determined  that  the  LV  was 
a device  capable  of  measuring  this  flow  field  without  inducing  any 
interference  since  nothing  was  present  in  the  field  but  the  wing  and 
light  beams. 

The  theory  for  this  prediction  technique  (ref.  7)  involves  an 
iterative  procedure  which  first  obtains  an  inviscid-f low  solution  for 
the  basic  airfoil.  It  computes  a boundary-layer  solution  based  on  the 
inviscid-flow  solution  and  constructs  a modified  airfoil  by  adding  the 
boundary-layer  displacement  thickness  to  the  original  airfoil.  It 
obtains  the  inviscid  solution  for  the  modified  airfoil  and  repeats  these 
steps  until  appropriate  convergence  criteria  are  satisfied.  The  field 
point  velocities  are  then  computed  from  the  vorticity  distribution 
along  the  modified  airfoil. 
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Experiment-Theory  Comparison 

At  ot  ~ 0° . - Velocity  vectors  as  measured  by  the  LV  for  the 
wing  at  a = 0°  are  presented  in  figure  5.  Each  velocity  vector  (arrow) 


SCANS 


Figure  5.  - Velocity  vectors  computed  from 
measurements  over  the  wing  at  a geometric 
angle  of  attack  of  0°. 

is  an  average  of  an  ensemble  of  measurements  taken  over  a short  period 
of  time  at  the  desired  location.  This  arrow  plot  indicates  the  relative 
location  of  the  velocity  measurements,  magnitude  and  angle  of  the  velo- 
city vector.  The  velocity  magnitude  and  direction  is  indicated  by  the 
length  and  orientation  of  the  arrow.  The  position  of  velocity  measure- 
ment is  marked  by  the  tail  end  of  the  arrow.  The  tunnel  free-stream 
magnitude  and  direction  reference  is  provided  in  the  lower  left  corner 
of  the  figure. 

The  velocity  measurements  were  obtained  by  positioning  the  sam- 
ple volume  at  a desired  chordwise  station  (x  /c),  and  incrementing  the 
entire  optics  package  downward  along  this  chordwise  station.  This  was 
accomplished  remotely  and  was  completely  controlled  by  the  .idnicomputer . 
Four  of  these  series  of  measurements  (scans  A,  B,  C,  and  D from  fig.  5) 
are  presented  in  more  detail  in  figure  6.  This  figure  presents  a 
comparison  between  LV  measured  velocities  and  the  two-dimensional 
viscous-flow  prediction.  The  comparison  is  presented  with  the  resultant 
velocity  nondimensionalized  by  tunnel  free-stream  velocity  as  a function 
of  the  vertical  position  of  the  measurement  nondimensionalized  by  wing 
chord . 
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Predicted  velocities,  a • j.t° 


Figure  6.  - Comparison  of  LV  flow-field  velocity 
measurements  with  a two-dimensional  viscous-flow 
prediction.  Wing  geometric  angle  of  attack  = 0°. 

The  free-streara  upwash  angle  without  wing  or  supports  was  measured  at 
0.6°  at  this  Mach  number.  Typically,  flow  angularity  is  affected  by  a 
model's  presence.  It  is  normally  determined  by  model  upright  and  inver- 
ted angle-of-attack  ranges.  Comparisons  of  balance  data  from  these  two 
conditions  provides  the  total  flow  angularity.  It  is  very  difficult  to 
obtain  this  type  of  measurement  with  discrete  velocity  measurements  in 
the  presence  of  the  model.  Since  no  balance  measurements  were  obtained 
in  this  investigation,  there  is  some  uncertainty  in  the  effective  angle 
of  attack  of  the  wing.  Predicted  velocities  were  calculated  first  using 
the  measured  0.6°  tunnel  flow  angle  without  the  wing.  These  are  presen- 
ted as  dashed  lines  with  maximum  discrepancies  on  the  order  of  6 percent. 
Calculations  were  repeated  with  a one  degree  shift  in  angle  of  attack  to 
provide  an  assessment  of  the  effect  of  uncertainty  in  this  measurement. 
These  calculations  are  presented  as  solid  lines  with  a = -0.4°  and 
indicated  better  agreement  with  theory.  It  is  obvious  in  these  compari- 
son that  the  precise  measurement  of  these  velocities  depended  on  the 
precise  determination  of  the  effective  angle  of  attack  of  the  wing.  It 
is  justified  to  say,  however,  that  these  data  provide  a quantitative 
and  qualitative  measure  of  the  accuracy  and  acceptability  of  LV  measure- 
ments about  a lifting  surface. 

At  a = 4.15° . - The  velocity  vectors  as  measured  by  the  LV  for 
the  wing  at  a geometric  angle  of  attack  of  4.15°  are  presented  in 
figure  7.  Four  of  these  series  of  measurements  (scans  A,  B,  C,  and  D 
from  fig.  7)  are  presented  in  more  detail  in  figure  8.  As  before,  this 
presents  a comparison  between  LV  measured  velocities  and  the  two- 
dimensional  viscous-flow  prediction  for  the  four  scans  with  large 


/ 
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Figure  7.  - Velocity  vectors  computed  from  measurements 
over  the  wing.  Geometric  angle  of  attack  = 4.15°. 


-•'I  ' i 

.b  1.0  1.2 

VUT 

Scan  A 


O laser  veloc imeter  neasyre-ients 

Predicted  velocities,  a • 3.75 • 

Predicted  velocities,  a * 4.75* 


Vt 

Scan  6 


I l I 

1.0  1.0  1.4 

Vu. 

Sc.n  C 


I I I 

1.1  1.3  l.| 

Vt 

Sc.n  0 


Figure  8.  - Comparison  of  LV  flow-field  velocity 
measurements  with  a two-dimensional  viscous-flow 
prediction.  Wing  geometric  angle  of  attack  = 4.15°. 


velocity  gradients.  Predicted  velocities  using  the  measured  0.6°  tunnel 
flow  angle  (without  the  wing)  are  presented  as  dashed  lines.  The  agree- 
ment is  not  good  particularly  very  near  the  leading  edge  (scans  B and 
C).  Eased  on  the  data  presented  for  the  wing  at  0° , an  adjusted  flow 
angularity  (-1.0°)  was  chosen  to  obtain  an  approximation  of  the  effec- 
tive angle  of  attack  (3.75°).  These  data  are  presented  as  a solid  line 
and  show  good  agreement  for  scans  A and  D,  but  still  poor  agreement  for 
scans  B and  C.  The  LV  measured  velocities  for  scan  C particularly 
indicate  a different  shape  in  the  velocity  profile.  This  suggests  that 
more  than  flow  angularity  uncertainty  existed.  The  basic  histogram  data 
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Figure  9.  - Histogram  data  for  scan  C. 
Wing  geometric  angle  of  attack  = 4.15°. 


for  four  of  the  velocity  vectors  within  this  scan  are  presented  in 
figure  9.  The  local  flow  characteristics  for  these  vectors  are  presen- 
ted in  histogram  form  for  vectors  1,  7,  8 and  10. 

A sketch  of  the  wing  cross-section  with  arrows  indicating 
the  position,  direction,  and  relative  magnitude  of  the  mean  velocity 
vectors  is  also  provided  in  figure  9.  A vector  is  an  average  of  an 
ensemble  of  data  acquired  at  the  position  desired.  The  histogram  is  a 
graphical  representation  of  the  variation  of  velocity  measured  over  a 
time  period.  They  are  presented  with  , percentage  of  that  number 
of  measurements  within  incremental  velocity  band,  as  a function  of 
velocity.  The  basic  LV  coordinate  system  component  is  presented 

on  the  left  and  the  Vl  component  on  the  right.  Interpretation  of 
histogram  information  is  provided  in  reference  6. 

The  histograms  above  the  surface  (vectors  1-7)  are  well  defined 
Gaussian-type  distributed  velocity  measurements.  Very  near  the  surface 
the  histogram  (vectors  8-10)  has  two  peaks,  which  indicate  two  predominant 
velocity  values.  At  this  position  and  subsequent  positions,  the  flow 
experiences  an  oscillation  between  the  two  values,  sometimes  with  greater 
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tendency  to  be  at  or  near  one  value  than  the  other,  but  spends  little 
time  between  the  two  general  values.  This  type  of  histogram  has  been 
shown  to  be  generated  by  the  passage  of  c transverse  vortex  through  the 
measurement  volume  (ref.  8).  Information  presented  in  reference  9 
indicated  that  this  airfoil  section  shoul.d  have  a laminar  separation 
bubble  near  the  leading  edge  at  this  angj e of  attack  operating  at  this 
Reynolds  number.  The  most  likely  explanation  of  these  double-peaked 
histograms  and  the  very  poor  agreement  with  theory  was  that  there 
existed  a laminar  separation  bubble  on  the  upper  surface  with  a thin 
oscillating  shea  layer.  If  the  shear  layer  were  steady,  the  double 
peaks  would  probably  not  exist.  As  described  in  reference  6,  the  mea- 
surements leading  up  to  this  point  indicated  variation  in  velocity  and 
angle.  The  position  of  the  separation  point,  as  measured  in  reference 
9,  is  highly  sensitive  to  slight  wing  angle-of-attack  changes;  there- 
fore, it  is  possible  that  the  separation  point  was  moving  with  the 
tunnel  flow  angle  oscillation.  This  unsteadiness  in  the  separation 
point  would  trigger  an  oscillating  shear  layer. 


The  Airfoil  at  19.4° 

An  arrow  plot  of  the  mean  velocity  field  about  the  airfoil  at 
a = 19,4°  is  presented  in  figure  10.  Each  velocity  vector  is  presented 


Figure  10.  - Velocity  measurements  over  the  stalled 
wing  (a  = 19.hc). 

with  the  length  of  the  arrow  indicating  magnitude  and  direction  of  the 
vector  relative  to  the  airfoil.  It  is  obvious  from  this  figure  that  the 
airfoil  is  in  a fully  separated  condition.  The  shear  layer  region 
between  the  free-stream  and  the  separated  turbulent  area  over  the  wing 
is  broad,  but  easily  discernable.  The  velocity  field  in  the  separated 
region  indicates  the  existence  of  a large  recirculating  eddy  with 


HOAD*, YOUNG .MEYERS 


reverse  flow  near  the  airfoil  surface.  The  velocity  fluctuations  within 
the  shear  layer  were  large;  however,  it  the  reverse  flow  region,  the 
velocity  fluctuations  were  smaller.  A dashed  line  is  provided  indi- 
cating the  approximate  location  of  zero  velocity  in  the  separated 
region.  At:  the  trailing  edge  (see  fig.  11),  a very  sharp  shear  layer 


edge  of  the  wing  at  =19.4°. 

is  evident  with  low,  reversed  flow  velocities  generated  near  the  airfoil 
upper  surface  and  with  nearly  free-stream  velocity  from  the  lower  surface. 
The  spatial  distance  across  this  shear  layer  is  on  the  order  of  0.005 
x/c.  The  reverse  flow  in  the  wake  region  above  the  airfoil  is  also 
evident. 


These  velocity  measurements  were  obtained  without  prior  know- 
ledge of  the  direction  of  the  flow  at  each  measurement  point.  The  LV 
is  unique  in  this  capability  unlike  conventional  probes  which  require 
this  information  to  reduce  ambiguity  primarily  caused  by  alinement 
requirements  and  support  structure  interference  (ref.  10). 


CONCLUSIONS 


A laser  velocimeter  was  installed  in  the  Langley  4-  by  7-metcr 
low-speed  (V/STOL)  tunnel  to  measure  the  velocity  field  about  a straight 
wing  with  a NACA  0012  airfoil  section.  The  wing  was  installed  at  three 
geometric  angles  of  attack:  0°,  4.15°,  19.4°.  This  was  done  to  provide 
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data  at  low  angles  of  attack  to  compare  with  a well-accepted  two- 
dimensional  viscous-flow  prediction  program  and  at  a high  angle  of 
attack  to  characterize  the  flow  field  in  the  separated  region  over  a 
fully  stalled  wing. 

The  results  of  this  investigation  indicated  that: 

1.  The  laser  velocimeter  is  an  effective  and  accurate  instru- 
ment for  measuring  the  velocity  field  over  a surface. 

2.  The  precision  of  the  laser  velocimeter  measurements  for  the 
wing  at  a geometric  angle  of  attack  of  0°  depended  on  the  precise 
determination  of  the  effective  angle  of  attack  of  the  wing  in  the 
tunnel. 


3.  The  data  for  the  wing  at  a geometric  angle  of  attack  of 
4.15°  indicated  that  a laminar  separation  bubble  probably  existed  with 
a thin  oscillating  shear  layer. 

4.  The  separated  region  over  the  wing  in  the  fully  stalled 
condition  was  well  defined.  Reverse  flow  measurements  in  this  region 
demonstrated  the  unique  capability  of  the  laser  velocimeter  for 
measuring  velocity  magnitude  and  direction  without  prior  knowledge  of 
the  flow  direction. 

5.  The  trailing-edge  measurements  at  the  highest  angle  of 
attack  demonstrated  the  capability  of  the  laser  velocimeter  in 
measuring  the  velocity  characteristics  across  a very  sharp  velocity 
gradient. 
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INTRODUCTION 

While  it  is  feasible  to  design  a tank  ammunition  compartment 
which  will  survive  the  detonation  of  a single  warhead,  the  design  of 
a compartment  which  will  survive  the  detonation  of  most  or  all  of 
the  warheads  and  which  falls  within  the  weight  and  space  constraints 
imposed  by  the  vehicle  design  is  not  currently  possible;  the  detonation 
of  40  warheads  (the  planned  complement)  will  destroy  compartment  and 
fighting  vehicle.  In  previous  research  (1)  we  have  shown  that 
catastrophic  reaction  of  munitions  can  occur  under  conditions  much  less 
strenuous  than  those  required  for  classical  shock  initiation,  which 
has  been  studied  extensively  for  bare  charges.  These  catastrophic 
reactions  play  an  extremely  important  role  in  determining  munition 
vulnerability,  and  in  the  rapid  propagation  of  explosion  through 
stacks  of  munitions.  Typically,  these  catastrophic  reactions  take 
place  in  the  100-700usec  time  frame,  consume  essentially  all  of  the 
explosive,  and  may  appear  to  be  detonations  to  the  observor  interested 
in  assessing  damage  potential.  To  understand  the  mechanisms  of 
initiation  of  these  reactions,  and  to  devise  preventive  techniques 
suitable  for  safe  transportation  and  storage,  and  vulnerability  reduc- 
tion of  armored  fighting  vehicles,  we  have  undertaken  analyses  and  a 
variety  of  experiments.  Pertinent  results  are  summarized  in  this 
paper. 
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Interround  Communication  and  the  Role  of  the  Casing 


When  a munition  such  as  a 155mm  artillery  shell  is  detonated, 
nearby  munitions  are  subjected  to  multiple  fragment  impacts,  airblast, 
and  severe  loading  from  the  explosive  products.  Initiation  of  the 
target  munitions  can  occur  as  a result  of  a single,  massive,  high 
velocity  fragment,  as  a result  of  multiple  fragment  impacts  occurring 
nearly  simultaneously,  or  as  a result  of  the  severe  blast  loading 
delivered  by  fragments  and  explosive  products.  One  might  conjecture 
that  some  measure  of  protection  would  be  provided  the  target  munitions 
by  heavy  walled  casings,  but  it  .must  be  remembered  that  a heavy  walled 
protective  casing  of  a target  round  implies  massive  lethal  fragments 
when  such  a round  serves  as  the  donor. 


Because  there  is  a variety  of  parameters  which  may  affect 
interround  communication,  a series  of  experiments  was  performed  to 
establish  a data  base  and  to  provide  insight  with  respect  to  the  per- 
tinent mechanisms.  Munitions  from  the  inventory  were  used  rather 
than  specially  designed  test  fixtures,  because  the  former  would  provide 
a much  needed  practical  data  base  and  because  analysis  had  shown  that 
the  variations  in  geometry  from  munition  to  munition  could  be  account- 
ed for  and  would  not  weaken  the  validity  of  the  results.  Each  experi- 
ment involved  three  munitions  placed  collinearly  upon  a 2.5  cm  steel 


witness  plate  (see  Figure  1). 


The  two  outer  munitions  served 
as  targets  for  the  center  war- 
head which  was  deliberately  de- 
tonated via  primacord  embedded 
v ithin  some  C-4  plastic  explo- 
sive which  filled  the  fuze 
cavity.  (In  some  cases,  target 
warheads  contained  fuzes.  How- 
ever, fuze  presence  did  not 
change  threshold  response,  and 
there  was  no  evidence  in  any 
experiment  to  indicate  that 
the  fuze  contributed  to  reac- 
tion of  the  target  warheads) . 
The  donor  wall  thickness,  dia- 
meter, and  explosive  content, 
and  acceptor  wall  thickness, 
diameter,  and  explosive  con- 
tent were  varied.  Data  were 
obtained  for  munitions  con- 
taining composition  B 


Figure  1.  Schematic  of  typical  test  con- (60%  RDX, 
figuration  for  interround  communication 


40%  TNT) 
w 


position  A-3 


and  com- 
(91%  RDX  9%  wax) . 
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The  condition  of  the  acceptor  warheads  and  the  witness  plate  was 
examined  after  each  experiment  to  determine  acceptor  response.  When 
a donor  was  detonated  in  the  design  mode,  it  always  perforated  the 
witness  plate  and  this  was  taken  as  a crude  but  effective  indicator  of 
acceptor  detonation.  For  each  type  of  warhead  pair,  the  separation 
distance  between  rounds  was  varied  in  accordance  with  standard 
quantal  response  techniques  (2)  to  determine  the  propagation  thres- 
hold. Separate  tests  were  performed  on  inert  loaded  projectiles 
placed  at  separation  distances  at  which  the  acceptor  detonated. 

This  permitted  determination  of  the  level  of  damage  which  would  lead 
to  violent  reaction  or  detonation  of  £he  acceptor  warheads.  At  the 
violent  reaction  threshold,  each  inert-loaded  acceptor  was  severely 
deformed  and  failure  of  the  warhead  casing  occurred.  This  provided 
an  important  clue  with  respect  to  the  mechanism  by  which  violent 
reaction  occurs  within  the  acceptor.  All  the  data  are  consistent  with 
a mechanism  involving 


. casing  deformation 

. compression  of  the  explosive,  generation  of  cracks  within  the 
explosive 

. failure  of  the  casing 

. rapid  extrusion  of  explosive  through  cracks  in  casing,  causing 
ignition  and  rapid  spread  of  reaction  through  the  cracked  explosive, 
with  resultant  catastrophic  explosion. 


Figure  2.  Schematic  of  apparatus  used 
for  mechanistic  studies.  Typical  strain/ 
time  records  at  various  gauge  locations. 


Additional  experiments 
were  conducted  to  explore  some 
of  the  details  of  the  initiation 
process.  In  one  set  of  experi- 
ments, heavily  confined  composi- 
tion B charges  were  fabricated, 
with  internal  manganin  pressure 
gauges  and  externally  mounted 
constantan  strain  gauges 
(see  Figure  2) . These  charges 
were  deliberately  ignited,  in 
order  to  permit  observation  of 
the  development  of  violent 
reaction. 


The  detailed  behavior 
of  the  charges  was  variable 
and  strongly  a function  of 
geometry.  Thus,  for  some 
experiments,  a compression 
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wave  propagated  through  the  charge  at  a velocity  of  2.0  - 2.5  mm/usec. 
This  wave  was  clearly  not  a shock,  as  the  pressure  gradient  typically 
extended  over  a period  of  10  - 30  usee  behind  the  wave  front,  to  a 
peak  pressure  of  0.2  - 0.8  GPa.  Generally  speaking,  strain  records 
and  stress  records  were  similar.  A plot  of  strain  versus  time  at 
various  gauge  stations  for  such  an  experiment  is  shown  in  Figure  2. 
Ionization  probes  indicated  reaction  begins  within  a few  microseconds 
of  wave  passage.  Nonetheless,  the  pressures  involved  are  too  low  to 
cause  ignition  by  rapid  compression  of  the  explosive  (3,4). 

(Note  that,  even  with  ignition,  the  reaction  would  not  necessarily 
build  up  to  violent  reaction  or  detonation.  In  some  instances,  loca- 
lized reaction  occurs,  and  disrupts  part  of  the  charge  without  propag- 
ating to  the  rest.) 

In  other  experiments,  using  larger  diameter  charges  the  pres- 
sure rose  slowly  but  uniformly  throughout  the  charge.  After  200  - 600 
usee,  a threshold  was  reached,  at  which  point  the  pressure  rose  very 
rapidly  and  catastrophic  reactions  occurred.  As  in  the  previous  ex- 
periments, the  thresholds  at  various  stations  occurred  sequentially  and 
are  associated  with  the  arrival  of  a compression  wave.  In  these  latter 
experiments,  the  compression  waves  decayed  as  they  propagated,  and 
ionization  probes  responded  erratically,  indicating  that  low-level 
secondary  ignition  sources  were  developing  at  various  locations.  In 
both  sets  of  experiments,  large  strains  and  strain  rates  were  recorded 
coincident  with  the  point  at  which  the  pressure  transition  points 
occurred . 


At  first  we  thought  that  charge  deformation  might  be  creating 
adiabatic  shear  bands  which  caused  secondary  ignition  of  the  charge 
at  points  remote  from  the  initial  reaction.  We  analyzed  the  rate  of 
temperature  rise  when  two  layers  of  explosive  slip  with  respect  to  one 
another  under  pressure  and  with  melting^  The  analysis  indicates  that 
sliding  velocities  of  the  order  of  3X10  cm/sec  would  be  necessary 
for  initiation  at  0.1  GPa  pressure.  At  lower  sliding  rates  melting 
would  suppress  the  temperature  rise.  In  our  experiments  where  the 
rate  of  shear  deformation  has  been  measured,  such  sliding  velocities 
at  shear  bands  could  occur  only  if  the  shear  bands  were  separated  by 
distances  of  the  order  of  a centimeter,  which  is  unlikely.  Therefore, 
it  appears  that  the  formation  of  shear  bands  does  not  explain  the 
propagation  of  reaction  in  these  experiments,  although  they  could  be 
responsible  for  the  initiation  of  reaction  in  other  circumstances. 

An  alternative  explanation,  consistent  with  the  interround 
communication  data  and  fragment  impact  data,  is  that  homogeneous 
(on  a macroscopic  scale)  deformation  of  the  explosive  does  not  cause 
secondary  ignition,  but  that  ignition  results  from  casing  failure 
and  extrusion  of  the  explosive  into  the  cracks  formed  as  the  case  opens. 
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An  experiment  was  designed  to  test  this  hypothesis.  It 
is  shown  schematically  in  Figure  3.  Propellant  was  burned  in  the 

breech,  thereby  driving  a 

KISTLER  PRESSURE  plastic  piston  into  the  explo- 

GAGE  STRAIN  GAGE  sive,  which  was  held  in  place 

by  a deformable  cylindrical 
container.  The  explosive  was 
subjected  to  pressures  and  de- 
formations similar  to  those  of 
earlier  experiments,  but  the 
deliberate  ignition  source  was 
eliminated.  In  this  experiment, 
ignition  and  violent  reaction 
always  occurred,  but  only  after 
the  metal  case  ruptured.  We 
PIEZORESISTIVE  conclude  that  ignition  and  the 

PRESSURE  GAGE  development  of  violent  reac- 

_.  , , . „ , . , ....  tion  in  confined  charges  is 

Figure  3.  Apparatus  used  to  show  that  . , _ , . , 

. ...  x-  x-  . , „ intimately  connected  with 

ignition  results  from  casing  failure.  . . 

b casing  failure. 


MOCK  MOCK 

BREECH  STEEL  HE  HE 


Figure  4.  Frontal  cosine  impulsive 
loading  for  a fixed-ended  cylinder  (3) 


Huffington,  in  a 
parametric  study  of  the  res- 
ponse of  thin  shells  to 
external  blast  loading,  con- 
sidered effects  of  geometry, 
loading,  and  material  proper- 
ties for  fixed  end  cylinders 
subjected  to  a "frontal  cosine" 
distribution  of  impulsive 
loading  (3) . The  geometry  is 
shown  in  Figure  4. 

The  shells  were  con- 
sidered to  be  thin  (D/h  <1)  and 
Kirchhoff's  hypothesis  was 
applied  (5) . A mathematical 
formulation  nonlinear  in  the 
equations  of  motion,  the 
elasto-plastic  stress  strain 
relations,  and  the  strain  dis- 
placement relations  was  devel- 
oped. The  behavior  of  the 
solution  was  explored  by  vary- 
ing non-dimensional  ratios  one 
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at  a time,  holding  others  constant.  For  complete  details,  the  reader 
is  referred  to  the  original  paper.  Of  special  interest,  however, 
is  the  fact  that  both  maximum  and  residual  deformation  are  strong 


functions  of  a scaled  impulse  density. 


i C 
c 

.Eh, 


(where  i is  the  impulse/ 


area  Cq  the  speed  of  sound  in  the  casing,  h the  casing  wall  thickness, 

and  E Young's  modulus),  and  the  fact  that  these  functions  depend  only 
weakly  on  dimensionless  ratios  such  as  length/diameter,  (L/D)  and  case 
thickness/diameter  (h/D) ; (see  Figure  5). 

This  is  particularly  important; 
it  permits  the  identification 
of  a critical  deformation  for 
casing  failure  with  a unique 
value  of  the  scaled  impulse 
density  delivered  to  the  tar- 
get, and  the  threshold  inter- 
round communication  distance 
can  be  obtained  by  equating 
the  scaled  impulse  density  to 
some  critical  value 


i C 


'3  = 


O = TT 


Eh 


crit . 


This 


Figure  5.  Casing  response  vs  impulse 
intensity. 


critical  value  must  be  obtain- 
ed from  experiment.  For 
fragmenting  munitions  contain- 
ed within  typical  arrays  such 
as  tank  ammunition  compart- 
ments or  pallets,  the  fireball 
of  the  donor  munition  envel- 
opes the  vicinal  munitions. 

Thus,  both  fragments  and  explosive  products  contribute  to  the  impulse 
density  delivered  to  the  acceptors.  We  calculated  values  of  the  aver- 
age areal  fragment  momentum  according  to  the  relation,  applicable  for 
cylindrical  changes: 

, 2 2 
p (r  - r 


mV 

A 


o 

2R 


i ) V 


where  p is  the  donor  casing  material  density 


r^  is  the  donor  casing  inside  radius 

r is  the  donor  casing  external  radius 

o 

v is  the  average  fragment  velocity,  calculated  using 
Gurney  Formulae. 

R is  defined  by  Figure  1. 
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The  total  specific  kinetic  energy. 


JHE  ’ 


is  given  by 


where  V is  the  average  product  speed. 
Gurney  energy,  E*,  so 


V 


E is  proportional  to  the 

He 


and  the  scaled  areal  impulse  ratio  delivered  by  the  explosive  varies 
according  to  the  relation 


i C r.2  y]2E* 

o 1 

— a — 

Eh  RhE 

Thus,  if  the  explosive  products  control  the  deformation,  the  critical 
deformation  criterion  implies  that 

r 2 ^2E*  r 2 y]2E* 

o i 

—g—  = constant , or  r vs  R be  linear. 

(The  parameters  Cq,  p,  and  E,  which  don't  vary  in  our  experiments  are 
suppressed) . The  data  are  plotted  in  Figure  6 and  pertinent  calculated 
parameters  are  reported  in  Table  1.  A regression  analysis  of  R into 


each  of  the  parameters  in 
Table  1 was  made  and  the 
correlation  coefficients  are 
shown  in  Table  2.  Note  that 
R correlates  very  well  with 
i/h,  but  does  not  correlate 
significantly  with  any  of  the 
fragment  parameters:  in 
interround  communication 
between  fragmenting  munitions, 
the  development  of  violent  re- 
action is  independent  of 
fragment  parameters.  That 
the  fragments  contribute  to 
the  initiation  process  can 
be  seer  by  comparing  the  50% 
separation  distance  for  a 
105mm  HEP  acceptor  and  a 
bare  charge  donor  of  the 


Figure  6.  The  dependence  of  R upon 
scaled  impulse  intensity. 
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Table  I.  Measured  and  Calculated  Results  for  Interround  Communication 


Donor 

Acceptor 

R (cm) 

F.f  (g/s2)xl010 

Pf  (g/m>s)xl0 

i (g/m-sJxlO5 

h (cm) 

Fragment  Areal 

Fragment  Areal 

Total  Areal 

Acceptor 

Kinetic  Energy 

Momentum 

Momentum 

Wall  Thickness 

Ml  HE 

Ml  HE 

17.8 

5 . 6 

3.6 

11.3 

1 . 02 

Ml  HE 

M393A2 

25  t 5 

5.6 

3.6 

11.3 

0.4 

M393A2 

Ml  HE 

26 

5.7 

2!4 

64.5 

1 .02 

S"  54 

5"  54 

35.4 

3.7 

4.1 

60.6 

1.65 

M393A2 

M393A2 

119.3 

5.7 

2.4 

64.  S 

0.4 

Table  II.  Correlation 

Coefficients  for  Regression  of 

R onto  Various 

Parameters 

R Ef  Pf 

i Ef/h 

Pf/h  i/h 

R 

1 0. 

158  -0.548  0 

.524  0.557 

0.227  0.960 

same  geometry  and  explosive  content.  The  threshold  for  the  HEP  donor 
was  119.5  cm,  that  for  the  bare  charge  donor  was  8.7  cm.  The  apparent 
ambiguity  can  be  resolved  by  noting  that  the  initiation  of  violent 
reaction  requires  casing  failure  and  the  explosive  to  be  under  compres- 
sion when  the  casing  fails.  Casing  failure  is  greatly  facilitated  by 
fragment  impact,  which  induces  high  stresses  in  the  casing,  causing 
incipient  spall.  Compression  of  the  explosive  is  determined  by  the 
deformation  of  the  casing,  however,  and  the  deformation  is  proportional 
to  the  impulse,  as  shown  earlier. 

The  Vulnerability  of  Cased  Munitions  to  Impact  by  Single  Fragments 

The  situation  discussed  above  would  change  with  increasing 
fragment  mass  and  velocity;  eventually  an  individual  fragment  would 
have  sufficient  areal  impulse  to  reach  the  critical  deformation  to 
cause  casing  failure.  Such  is  the  case  for  threshold  data  from  gun 
firings  where  there  is  no  loading  from  explosive  products  and  where  the 
response  of  the  target  is  to  impact  by  single  fragments.  Reeves' 
data  (6)  covered  fragment  masses  from  1.94  gm  to  15.55  gm,  impacting 
against  composition  B loaded  105mm  HE  warheads.  We  sponsored  acquisi- 
tion of  additional  data  for  identical  targets,  with  fragments  ranging 
from  75  gm  to  300  gm.  All  fragments  were  steel,  right  circular 
cylinders,  with  L/D  = 1.  The  response  of  the  targets  was  inferred 
from  post-firing  examination  of  a 2.5  cm  steel  witness  plate,  and  from 
recovery  of  target  fragments.  The  criterion  for  a violent  reaction 
was  perforation  of  the  witness  plate.  All  data  were  obtained  using 
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a standard  quantal  response  technique 


Figure  7.  Threshold  initiation 
(50%)  for  fragment  impact  of 
105mm  shell. 


(2).  The  data  are  plotted  in 
Figure  7,  together  with  Reeves' 
data.  The  fact  that  both  sets 
of  data  fall  upon  the  same 
curve  is  reassuring,  and  indi- 
cates that  no  experimental 
artifacts  have  been  introduced 
because  of  different  lots  of 
munitions  and  different  exper- 
imentors . 


It  is  reasonable  to 
expect  that  the  fragment  impact 
initiation  of  violent  reaction 
in  confined  targets  will  obey 
the  same  mechanism  as  does 
interround  communication.  If 
so,  the  criterion  for  initia- 
tion of  violent  reaction  is 
that  a critical  areal  impulse/ 
target  casing  thickness  ratio 
be  exceeded.  Thus,  we  have 
for  the  50%  threshold  locus 
of  mass  versus  impact  velocity. 


mV  „ „ 

xr-  = constant  = 
Ah 


p LV  , 

r — where  m is 
n 


the  fragment  mass,  V its  impact  velocity,  A its  area,  L its  length,  and 
h the  target  casing  thickness.  Geometric  similarily  requires  that  L 
be  proportional  to  the  fragment  radius.  In  particular,  for  the  L/D  = 1 
fragments  used  here. 


Since 


mV  _ 2p  rV 
Ah  h 


r 


m 

2 pTT 


1/5 


the  criterion  becomes 


m 


1/3 


V 


h 


constant . 
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The  data  of  Figure  7 are  replotted  in  Figure  8 (circles)  . 

The  solid  curve  is  a straight 
line  with  a slope  of  -3. 

Note  that  the  fit  is  good 
over  a three  decade  change 
in  mass.  This  provides 
very  strong  support  for  a 
mechanism  which  leads  to  an 
areal  impulse  criterion  for 
initiation  of  violent  reaction. 

Two  corollaries  fol- 
low from  the  above  results: 
First,  if  the  condition  for 
initiation  of  violent  reaction 
is  that  sufficient  deformation 
of  the  casing  occur  to  cause 
failure,  i.e.,  crack  genera- 
tion, then  the  threshold  for 
initiation  should  lie  very 
close  to  the  ballistic  limit 
for  the  casing.  To  check 
this,  firings  against  wax 
filled  105mm  shell  were  con- 
ducted using  30  gm,  150  gm, 
and  300  gm  L/D  = 1 steel,  cylindrical  fragments.  Some  firings  of 
fragments  with  masses  of  3.87  g and  15.45g  reported  by  Reeves  (6)  are 
included,  also. 

The  data  are  shown  in  Figure  8,  where  the  solid  circles  repre- 
sent the  average  of  the  highest  impact  velocity  at  which  no  perforation 
of  the  casing  was  obtained  and  the  lowest  velocity  at  which  perforation 
occurred.  As  can  be  seen,  the  conditions  for  initiation  and  the 
ballistic  limit  are  nearly  coincident. 

The  second  corollary  is  that,  if  the  condition  for  initiation 
is  essentially  that  casing  failure  occur,  then  that  condition  would 
apply  to  different  explosives  systems,  provided  that  the  explosive  is 
not  very  insensitive  (a  very  insensitive  explosive  could  cause  the 
initiation  to  depend  upon  explosive  parameters,  rather  than  casing 
parameters) . Some  fragment  impact  data  for  the  US  5"  rocket  motor  and 
122mm  Soviet  rocket  motor  from  (7)  are  shown  in  Figure  8.  Note  that 
the  data  are  concident  with  the  105mm  Ml  data,  in  spite  of  major 
differences  in  composition  of  the  filler.  The  compositions  of  the 
rocket  motor  propellant  and  the  explosive  fill  are  shown  in  Tabic  3. 


Figure  8.  Comparison  of  initiation 
thresholds  for  rockets  and  shell, 
ballistic  limit  of  shell.  j 
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Table  III.  Chemical  Composition 


Munition 


Composition 


Principal  Ingredients 


105mm  Ml  HE 
105mm  M3 9 3 HEP 

5"  MK  10  Mod  7 Rocket 

122mm  Soviet  Rocket 


Navy  3”  54 


A-5 


double  ba$e  prop. 


double  base 


A-3 


60%  RDX,  40%  TNT 

91%  RDX,  9%  Wax 

f31.4%  Nitrocellulose, 
42.9%  Nitroglycerine, 
[ 3%  Diethylphthalate 

(Composition 

Classified) 

91%  RDX,  9%  Wax 


It  is  apparent  that,  at  least  for  those  systems  for  which  data  exist, 
the  initiation  of  violent  reaction  by  fragment  impact  is  independent 
of  the  filler  and  is  determined  by  the  response  of  the  casing. 


Remedial  Techniques 

An  understanding  of  the  mechanism  of  initiation  permits  dev- 
elopment of  techniques  which  prevent  or  reduce  the  frequency  of  violent 
reactions  resulting  from  fragment  impacts  and  the  detonation  of  nearby 
warheads.  For  munitions  in  the  inventory,  protective  shields  can  be 
developed  which  reduce  the  stress  levels  and  stress  gradients  experi- 
enced by  the  target  casings,  thus  reducing  the  probability  of  casing 
failure.  Elementary  considerations  in  shock  physics  indicate  that 
the  best  shields  are  those  composed  of  materials  with  low  shock  impe- 
dances. The  presence  of  a low  shock  impedance  material  between  the 
impacting  fragments  and  the  casing  causes  a more  gradual  buildup  of 
pressure  in  the  casing  and  allows  more  time  for  rarefactions  to  reduce 
tlie  peak  stress.  Thus,  materials  such  as  polyvinyl  chloride,  foamed 
metal,  etc.  should  make  good  shields. 

Based  on  this  reasoning,  shields  were  designed  to  prevent 
interround  communication  between  105mm  M 456  HEAT  warheads  contained 
in  a tank  ammunition  compartment.  The  effectiveness  of  the  shields 
relied  upon  prevention  of  direct  impacts  by  fragments  upon  warhead 
casings  and  reduction  of  the  shock  wave  strength  experienced  by  casing 
and  explosive.  A series  of  tests  involving  two  warheads  and  a single 
shield  per  test  demonstrated  that  a 5cm  x 5cm  x 40cm  polyvinyl  chlor- 
ide bar  effectively  prevented  reaction  of  the  acceptors.  Thus,  in 
fifteen  tests,  not  a single  acceptor  warhead  detonated,  exploded,  or 
showed  any  evidence  of  reaction.  For  these  tests,  the  wall  to  wall 
warhead  separation  was  5 cm.  Three  further  tests  were  conducted  to 
assess  the  effectiveness  of  the  shields  in  a simulated  tank  ammunition 
compartment.  The  compartment  geometry,  wall  thicknesses,  interround 
spacing,  etc.,  closely  replicated  designs  currently  under  consideration 
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for  the  XM1  tank. 


A schematic  of  the  setup  is  shown  in  Figure  9. 

One  warhead  in  each  test  was 
deliberately  detonated  by 
attacking  it  with  Rockeye 
shaped  charge.  In  each  test, 
only  the  deliberately  detonat- 
ed warhead  reacted.  Results 
of  tests  and  design  information 
have  been  provided  the  project 
manager,  for  incorporation 
into  the  XM1  tank. 


Figure  9.  Mockup  of  tank  compartment 
for  confinement  effects. 


Another,  complementary 
approach  can  be  applied  to  new 
warheads  entering  the  inventory. 
Ignition  occurs  when  the  casing 
fails,  and  is  believed  to  be 
caused  by  the  rapid  extrusion 
of  the  explosive  through  cas- 
ing cracks.  If  this  is  so, 
the  ignition  threshold  could  be 
raised  by  lining  the  warhead 
with  a thin  layer  of  a pliable 
polymeric  material,  which  would 
act  as  a buffer  between  explosive  and  metal  interface,  during  extrusion. 
(Experiments  have  shown  that  ignition  occurs  more  readily  as  a result  of 
metal-  explosive  friction  than  explosive-plastic  or  explosive-explosive 
interactions.)  To  test  this  hypothesis,  105mm  Ml  casings  were  lined  with 
a 3mm  coating  of  cellulose  acetate  butyrate.  The  coating  thickness  was 
chosen  somewhat  arbitarily  and  does  not  represent  a minimum  effective 
thickness.  (Note,  however,  that  3mm  is  much  too  thin  to  provide  signi- 
ficant shock  attenuation  - if  shock  ignition  is  the  mechanism,  the  coat- 
ing will  be  ineffectual.)  Firings  were  conducted  against  the  polymeric 
lined  munitions  with  8 gm  steel  fragments.  The  50%  threshold  for  such 
a fragment  against  an  unprotected  munition  is  1470  m/s  (4823  f/s). 

With  the  lined  munitions,  no  evidence  of  reaction  was  obtained  at  impact 
velocities  of  1740  m/s  (5700  f/s),  although  this  is  well  beyond  the 
ballistic  limit  of  the  casing,  and  perforation  occurred.  Mild  burning 
reactions  were  obtained  at  higher  velocities.  Even  at  impact  velocities 
of  nearly  2000  m/s  (6500  f/s)  the  warheads  did  not  react  with  sufficient 
violence  to  split  open  the  casings. 
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SUMMARY  AND  CONCLUSIONS 

Experiments  are  reported  which  were  conducted  to  determine 
the  interactions  which  occur  between  vicinal  munitions.  These  experi- 
ments provided  a data  base  we  needed  to  address  mass  detonation  issues 
and  were  designed  to  provide  mechanistic  information.  Available 
theory  and  analysis  provided  a criterion  for  initiation,  based  upon 
an  assumption  about  the  mechanism.  The  initiation  criterion  permitted 
description  of  the  threshold  conditions  for  interround  communication. 

In  addition,  it  was  found  that,  although  the  fragments  participated 
in  interround  communication,  the  process  was  insensitive  to  donor 
fragment  parameters,  contrary  to  expectation. 

Single  fragment  impact  data  was  obtained  against  heavily 
confined  targets.  The  data  base  was  extended  over  that  available  in 
the  literature  so  that  the  masses  for  impacting  fragments  ranged  from 
2 to  300  gms.  The  initiation  criterion  developed  for  interround 
communication  was  tested  against  single  fragment  impact  initiation 
and  shown  to  apply  over  three  decades  change  in  mass,  the  entire  range 
for  which  data  are  available.  Both  the  interround  communication  data 
and  the  single  fragment  impact  data  were  shown  to  be  consistent  with 
a mechanism  which  involved  deformation  of  the  casing,  compression  of 
the  explosive,  failure  of  the  casing,  rapid  extrusion  of  the  explosive 
into  cracks,  causing  ignition,  and  spread  of  reaction.  Failure  of  the 
casing  was  found  to  be  the  critical  step,  and  the  initiation  criterion 
was  identified  with  the  ballistic  limit  of  the  casing. 

Since  the  rupture  of  the  casing  controlled  the  initiation 
process,  the  model  should  be  applicable  to  other  systems  with  similar 
geometries,  but  not  necessarily  similar  chemical  compositions.  This 
hypothesis  was  tested  against  the  US  5"  MK  10  mod  7 rocket  motor  and 
the  USSR  122mm  rocket  motor.  Within  the  accuracy  of  the  data,  the 
initiation  criterion  applied  equally  well  to  these  two  systems  as  for 
the  composition  B targets  for  which  it  was  developed. 

Additional  experiments  were  conducted  to  verify  the  hypothesis 
that  initiation  resulted  from  rupture  of  the  casing  and  extrusion  of 
the  explosive  into  cracks.  Constantan  strain  gauges  and  manganin 
pressure  gauges  were  used  to  monitor  the  response  of  casing  and  explo- 
sive to  various  stimuli.  It  was  found  that  catastrophic  reaction  re- 
sulted immediately  after  casing  failure,  given  a deliberate  ignition 
source.  If  the  samples  were  not  deliberately  ignited,  but  were  sub- 
jected to  rapid  deformation,  ignition  occurred  when  rupture  occurred, 
with  subsequent  violent  reaction. 
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Understanding  of  the  mechanism  was  used  to  develop  remedial 
techniques.  The  use  of  low  shock  impedance  materials  to  prevent  cas- 
ing fracture  was  explored  and  a technique  which  prevented  any  inter- 
round propagation  in  compartmentalized  tank  HEAT  ammunition  was  dev- 
eloped. Design  information  was  provided  to  the  XM1  project  manager, 
for  incorporation  into  the  new  tank. 

A technique  was  developed  and  tested  applicable  to  munitions 
entering  the  inventroy.  This  technique  isolates  the  explosive  from 
the  casing  and  greatly  improves  the  response  of  the  munition  to 
fragment  impact. 
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I.  INTRODUCTION 

Recently,  Bonifacio,  Hopf,  Meystre  and  Scully  (1),  using 
amplifier  theory,  predicted  that  under  certain  conditions,  a noise 
amplifier,  pumped  by  an  impulse  excitation  traveling  at  the  speed  of 
light  in  the  active  material,  can  produce  highly  nonlinear  spacially 
asymptotic  coherent  pulses  of  electromagnetic  energy  of  anomalous  in- 
tensity and  of  anomalously  short  temporal  width.  The  pulse  intensi- 
ties were  predicted  to  increase  as  the  square  of  the  density  of  the 
active  material,  whereas  the  temporal  width  should  decrease  as  the 
inverse  of  the  density.  Also,  the  pulses  are  characterized  by  a tem- 
poral delay  from  the  pump  cutoff  to  the  peak  of  the  pulse  evolution. 
This  process  has  come  to  be  known  as  swept-gain  superradiance. 

Electromagnetic  energy  having  these  general  characteristics 
would  be  useful  in  application  to  LADAR  systems  for  propagation, 
ranging,  discrimination  and  coherent  imaging.  Other  applications 
would  include  coupling  to  plasmas  for  efficient  energy  delivery  needed 
for  laser  induced  fusion  and  for  plasma  diagnostics.  Since  the 
pulses  are  produced  in  the  amplifier  configuration  without  mirrors, 
this  presents  an  attractive  scheme  for  production  of  unidirectional 
coherent  VUV  and  X-ray  radiation. 

Because  of  the  strong  potential  application  to  Department 
of  the  Army  missions,  MIRADCOM  scientists  first  improved  upon  the 
theoretical  model  of  Bonifacio  et  al . (1)  using  coherent  pumping  on 
molecular  species  for  realistic  conditions  dealing  explicitly  with 
pump  pulse  characteristics,  temporal  width  and  propagation  (2).  This 
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was  done  for  the  purpose  of  experimental  design  and  interpretation  of 
results. 


Using  the  results  of  our  theoretical  model,  an  experiment 
was  then  designed  and  performed  at  MIRADCOM  using  CO2  pumped  CH3F. 

In  this  effort  MIRADCOM  scientists  collaborated  with  University  of 
Illinois  scientists  to  build  the  apparatus  and  to  perform  the  experi- 
ments at  MIRADCOM.  The  initial  results  of  this  work  were  reported  at 
an  international  meeting  and  will  appear  in  the  publication  of  the 
Proceedings  (3).  An  updated  theoretical  development  and  experimental 
results  was  also  delivered  by  one  of  the  authors  as  an  invited  paper 
at  the  8th  Annual  Colloquium  on  the  Physics  of  Quantum  Electronics, 
Snowbird,  Utah,  January  15-17,  1978.  The  final  version  of  our  recent 
work  will  be  published  shortly  (2,4). 

In  the  next  section,  the  experiment  will  be  described  and 
the  principal  results  given.  Section  three  will  be  devoted  to  a dis- 
cussion of  the  essentials  of  the  theoretical  model  and  interpretation 
of  the  experimental  results.  The  last  section  will  be  used  to  pre- 
sent conclusions  drawn  from  our  initial  work  and  to  point  out  the 
future  direction  of  effort.  Further  details  of  the  experiment  are 
given  in  references  (3,4). 

II.  THE  MIRADCOM  EXPERIMENT 

The  experimental  arrangement  for  the  MIRADCOM  experiment  is 
based  upon  results  of  our  theoretical  model  and  the  earlier  experi- 
mental studies  of  Dicke  superradiance  in  CH3F  by  Rosenberger, 
Petuchowski  and  DeTemple  (5).  The  schematic  for  the  experiment  is 
presented  in  Figure  1. 

The  TEA  CO2  laser  is  operated  on  the  P(20)  (X  = 9.55  ym) 
line  to  give  a single  longitudinal  and  transverse  mode  by  using  a low 
pressure  CW  CO2  gain  cell.  Smooth  200  nsec  pulses  are  produced  of 
about  150  mJ  total  energy.  These  pulses  are  subsequently  chopped  us- 
ing an  optical  breakdown  switch  which  utilizes  UV-triggered  AC  break- 
down of  clean  N2.  The  resulting  CO2  pulse  is  about  65  nsec  duration 
and  is  cut  off  on  its  trailing  side  in  less  than  0.1  nsec.  This  pulse 
is  passed  through  a CH3F  cell,  6 m in  length  along  the  cell  axis.  The 
area  of  the  IR  beam  is  approximately  2 cm2.  The  resulting  FIR  pulses 
at  496  ym  were  monitored  in  both  the  forward  and  backward  directions 
by  a low  temperature  phosphorous  doped  silicon  detector  which  operated 
near  2°K.  At  the  output  end  of  the  CH3F  cell  the  IR  pump  pulse  which 
emerges  and  the  FIR  pulse  generated  were  monitored  simultaneously  by 
using  a beam  splitter  which  reflects  nearly  100%  of  the  IR  and 
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transmits  about  50%  of  the  FIR.  These  pulses  were  displayed  in  the 
same  time  frame  on  an  oscilloscope,  whereby  the  relative  temporal  po- 
sitions of  the  two  pulses  were  easily  determined.  Further  details  of 
the  experimental  apparatus  are  given  in  references  (3)  and  (5).  The 
relevant  energy  level  diagram  for  CH3F  for  the  transition  involved  in 
the  experiment  is  presented  in  Figure  2.  Since  it  was  possible  to 
couple  to  two  k-level  transitions  (approximately  45  MHz  apart)  by  tun- 
ing the  pump  cavity,  we  tuned  to  the  one  corresponding  to  the  highest 
gain,  i .e. , k = 2. 

Results  of  this  experiment  were  reported  earlier  (3)  and  are 
presented  in  Figures  3,  4 and  5.  In  Figure  3(a),  the  FIR  forward 
pulse  intensity  at  496  ym  is  plotted  vs  the  square  of  the  pressure  in 
the  CH3F  cell  and  confirms  the  linear  dependence  predicted  from  theo- 
ry. In  this  figure  and  all  subsequent  representations  of  the  data, 
each  data  point  represents  the  average  of  three  scope  traces  taken  in 
succession.  In  this  pressure  range  (P  < 0.2  Torr),  the  forward  and 
backward  FIR  wave  intensities  are  equal.  Shown  in  Figure  3(b)  is  the 
FIR  forward  intensity  vs  the  square  of  the  pressure  for  the  data  of 
Figure  3(a)  on  a different  scale,  and  including  measurements  at  higher 
pressure  (P  > 0.2  Torr).  The  break  in  the  pressure  dependency  of  the 
intensity  occurs  at  approximately  0.2  Torr.  Also  represented  in  Fig- 
ure 3(b)  is  the  ratio  of  forward  to  backward  wave  intensity  (dashed 
curve  and  right-hand  scale)  obtained  from  the  curve  of  Figure  3(c) 
through  the  data  points.  It  is  seen  from  Figure  3(b)  that  the  forward 
wave  intensity  becomes  greater  than  that  of  the  backward  wave  for 
pressures  greater  than  0.2  Torr,  the  point  at  which  the  break  occurs 
in  the  slope  of  the  forward  intensity  vs  P2  curve.  Thus,  for  P > 0.2 
Torr  the  emitted  pulses  are  generated  by  swept-gain  superradiance  (1), 
whereas  for  lower  pressure,  P < 0.2  Torr  (where  the  forward  to  back- 
ward wave  intensity  ratios  are  equal),  the  pulses  are  generated  by 
Dicke  superradiance  (6).  The  latter  has  been  studied  and  reported 
earlier  by  Rosenberger,  Petuchowski  and  DeTemple  (5). 

The  temporal  width  of  the  pulses  as  a function  of  inverse 
pressure  is  shown  in  Figure  4(a).  The  break  occurs  at  P s 0.09  Torr, 
which  marks  the  transition  from  inhomogeneously  broadened  (lower 
pressure)  to  homogeneously  broadened  (higher  pressure)  regimes.  The 
pulse  width  is  seen  to  decrease  with  increasing  pressure  and  it  actu- 
ally becomes  smaller  than  the  absorption  line  width  in  the  higher 
pressure  homogeneously  broadened  regime. 

Shown  In  Figure  4(b)  is  the  pulse  delay,  measured  from  the 
IR  pump  cutoff  to  the  FIR  pulse  peak  intensity,  plotted  vs  inverse 
pressure.  The  FIR  pulse  is  well  separated  from  the  IR  pump 
(temporally)  at  lower  pressures  and  narrows  in  width,  grows 
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Figure  5.  FIR  (Upper)  and  IR  (Lower)  Scope  Traces 


nonllnearly  in  intensity  and  moves  closer  to  the  pump  pulse  as  the 
pressure  is  increased.  The  negative  intercept  is  due  to  the  fact 
that  the  IR  pump  pulse  is  not  an  impulse  but  is  a coherent  pulse  of 
non-zero  duration,  giving  rise  to  an  FIR  pulse  evolution  which  begins 
inside  the  pumping  pulse. 

Actual  scope  traces  of  the  IR  pump  and  superradiant  FIR 
pulses  are  presented  in  Figure  5.  The  pulses  are  presented  in  the 
same  time  frame  for  four  different  CH3F  cell  pressures.  The  upper 
pulse  Is  the  FIR  at  496  pm  and  the  lower  one  is  the  IR  pump  pulse  at 
9.6  ym  as  received  by  the  respective  detectors  at  the  forward  end  of 
the  CH3F  pressure  cell  (as  shown  in  Figure  1)  and  subsequently  dis- 
played simultaneously  on  the  oscilloscope  in  the  same  time  frame. 

The  pulses  are  both  traveling  to  the  left  in  the  figure  and  the  vert- 
ical scale  for  the  IR  pump  (lower  trace)  is  the  same  throughout.  The 
FIR  superradiant  pulse  is  seen  to  become  narrower  and  nonli nearly 
more  Intense  and  move  in  toward  the  pump  pulse  as  the  pressure 
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becomes  greater.  At  the  highest  pressure  shown,  the  lower  right-hand 
traces,  the  FIR  and  IR  temporally  overlap.  In  this  regime,  the  FIR 
superradiant  pulse  continues  to  increase  in  intensity  as  the  square 
of  the  pressure  even  though  the  pump  energy  is  markedly  depleted.  For 
the  case  shown,  there  is  less  than  10%  of  the  pump  pulse  energy  re- 
maining. The  FIR  pulse  intensity  continues  to  grow  nonlinearly  until 
virtually  all  of  the  pump  energy  is  gone.  It  is  apparent  that  in 
this  case  the  maximum  conversion  of  IR  energy  to  FIR  pulse  energy 
occurs  consistent  with  conservation  of  energy. 

III.  THEORETICAL  MODEL  AND  INTERPRETATION  OF  THE  EXPERIMENT 

The  theoretical  model  is  based  upon  the  energy  level  diagram 
shown  in  Figure  6(a).  The  IR  pump  is  treated  as  an  external  coherent 
source  of  prescribed  shape  and  temporal  duration,  propagating  at  the 
speed  of  light  in  the  medium  and  transfering  population  from  the 
ground  state  to  the  excited  state.  The  subsequent  transition  of  popu- 
lation from  the  excited  state  to  the  intermediate  level  gives  rise  to 
the  FIR  radiation  which  evolves.  The  FIR  radiation  field  is  treated 
quantum  mechanically  to  incorporate  spontaneous  as  well  as  stimulated 
decay.  Although  the  intermediate  and  ground  states  are  not  radiative- 
ly  coupled,  because  of  rotational  selection  rules  in  the  molecule, 
(resonant)  stimulated  Raman  transitions  transfer  population  between 
them  and  have  important  manifestations  in  the  results  in  terms  of  the 
time  evolution  of  the  gain.  It  should  be  noted  that  these  results  for 
coherent  pumping  pertain  to  general  laser  theory  as  well  and  have  not 
(to  our  knowledge),  been  treated  in  the  open  literature.  The  model 
incorporates  the  aspects  of  multimode  dependence  for  the  FIR  pulse 
evolution  as  well  as  propagational  dependence  of  both  the  pump  IR  and 
FIR  pulses.  Due  to  limitations  in  space,  only  one  aspect  of  the  re- 
sults of  the  model  will  be  presented  here.  The  model  and  the  detail- 
ed comparison  with  the  experiment  are  discussed  fully  in  the  referen- 
ces (2,9). 


The  calculated  behavior  of  the  FIR  pulse  evolution  in  the 
high  pressure  regime  when  pump  pulse  and  FIR  pulse  temporally  overlap 
is  presented  in  Figure  6(b)  for  a set  of  realistic  system  parameters. 
The  pump  is  turned  on  at  t = 0 (coordinate  system  moving  with  leading 
edge  of  the  pump)  and  remains  on  at  constant  amplitude  throughout  the 
plot.  What  is  shown  is  the  evolution  of  the  FIR  pulse  from  t = 0, 
where  the  vertical  axis  is  the  FIR  intensity  in  units  of  IR  pump  in- 
tensity. This  predicts  that  if  the  pump  pulse  is  sufficiently  long, 
a set  of  sharp,  intense  pulses  will  be  generated  in  the  FIR  which  are 
phase  correlated  from  one  pulse  to  the  next.  The  damping  in  ampli- 
tude is  due  to  the  dephasing  time  of  the  transition.  This  also  shows 
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Figure  6(a)  Model  Energy  Level  Scheme;  (b)  Calculated  FIR  Pulse 
Sequence  Evolution  vs  Time  t from  IR  Pump  Turn-on  for  a Step 
function  Pump  Envelope. 
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that  one  can  achieve  short  (2  nsec)  pulses  of  greater  intensity  than 
the  pump  pulse.  This  does  not  violate  conservation  of  total  energy 
since  the  pulses  generated  in  this  manner  are  "off"  more  than  they 
are  "on"  during  the  duration  of  the  pumping  pulse. 

Pulse  chains  of  this  type  have  actually  been  observed  (3) 
in  our  experiments  when  we  have  temporally  extended  the  pump  by  turn- 
ing off  the  N2  gas  breakdown  switch  (which  chops  the  pump  pulse  in 
the  experiment.  Figure  1).  Pulse  chains  of  this  type  should  be  quite 
useful  in  many  field  applications  where  coherent,  short  and  intense 
pulses  are  desired. 


IV.  CONCLUSIONS 

MIRADCOM  scientists  have  demonstrated  for  the  first  time 
swept-gain  superradiance.  It  was  shown  experimentally  that  pulses  of 
anomalous  intensity  and  short  temporal  widths  could  be  produced  and 
the  width  and  intensities  controlled  by  varying  the  pressure  in  the 
cell.  Furthermore,  it  was  predicted  by  theory  and  experimental ly  ob- 
served (3)  that  sets  or  chains  of  phase  coherent  pulses  of  the  super- 
radiant type  can  be  generated  by  coherent  pumping.  Pulses  of  this 
type  have  obvious  Department  of  the  Army  mission  applications. 

Further  research  is  planned  for  continuing  development  of 
the  theory  (for  deeper  understanding  of  the  phenomenon)  and  further 
experiments  are  planned  to  confirm  predictions  and  to  determine  prac- 
tical limitations  on  power  density,  pulse  compression  and  pulse  shap- 
ing. A portion  of  this  research  is  presently  underway.  Peak  powers 
of  1-2  megawatts  and  pulse  durations  on  the  order  of  nanoseconds  are 
not  unreasonable  to  anticipate  at  submillimeter  wavelengths. 

It  is  also  our  intention  to  carry  these  studies  to  mater- 
ials giving  rise  to  shorter  wavelength  radiation  consistent  with  the 
myriad  of  applications  which  are  possible.  We  intend  to  determine 
the  effects  of  incoherent  pumping  (Bluemline  discharge  (7))  on  swept- 
gain  superradiance  pulse  evolution  for  optical  and  VUV  wavelength 
pulse  generation. 

Our  initial  work  opens  a vast  area  of  investigation  over  a 
broad  range  of  wavelengths  for  the  production  of  coherent,  intense, 
short  pulses  generated  from  noise  (and  without  mirrors)  which  can  be 
shaped  and  compressed  by  control  erf  the  pressure  and/or  ceil  length. 
Theory  predicts  that  pulsgs  of  this  nature  will  be  produced  in  any 
medium  for  which  the  gain  to  loss  ratio  is  greater  than  unity  and  for 
which  the  total  gain  is  greater  than  one. 
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The  fusion  of  porcelains  to  metals  is  an  ancient  art.  Al- 
though its  specific  origin  cannot  be  substantiated,  it  is  known  that 
metal  ceramic  decorative  and  functional  devices  were  fabricated  in 
many  early  civilizations,  particularly  those  of  the  Egyptians,  Greeks 
and  Persians. 

Since  the  early  1950's,  esthetic  porcelain-fused-to-metal 
dental  treatment  devices  have  enjoyed  wide  clinical  use.  The  fol- 
lowing problems,  however,  initially  encumbered  the  production  of  por- 
celain-metal dental  restorations:  (1)  Fused  porcelain  displayed 
cracks  after  firing  because  of  the  mismatch  of  thermal  expansion  be- 
tween the  porcelain  and  the  metal  substructure;  (2)  the  color  of  fused 
porcelain  was  altered  adversely  by  color  forming  oxides  and  by  tech- 
nique; (3)  relatively  soft  gold-based  casting  alloys  lacked  sufficient 
strength  and  rigidity  to  withstand  rigorous  functional  service. 

Over  the  past  decade,  the  foregoing  difficulties  have  been 
reduced  in  frequency  of  occurrence  and  in  severity  (1,2).  Today,  the 
degree  of  bonding  of  fused  porcelains  to  improved  gold-containing 
(precious)  alloys  appears  to  be  adequate.  However,  the  mechanisms  by 
which  bonding  occurs  are  not  understood  completely.  Several  explana- 
tions of  the  so-called  porcelain-to-metal  bond  have  been  advanced. 

Van  der  Waal's  forces  (3,4),  and  the  beneficial  effects  of  compression 
forces  resulting  from  small  differences  in  thermal  expansion  of  two 
dissimilar  phases  may  contribute  to  bond  formation. 

In  recent  years,  costs  incurred  in  the  laboratory  fabrica- 
tion of  porcelain-fused-to-metal  fixed  prosthetic  devices  (crowns  and 
bridges)  have  increased  markedly.  Increased  production  costs  have 
been,  for  the  most  part,  reflections  of  the  advancing  international 
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market  values  of  gold  and  other  precious  metals.  Searches  for  less 
expensive  veneerable  metallic  substrates  from  which  functional  as  well 
as  esthetic  restorations  might  be  fabricated  have  led  to  interest  in 
the  use  of  materials  alloyed  from  base  metals  rather  than  from  pre- 
cious constituents.  Nickel  (~ 60  to  80  percent)  and  chromium  (~ 12  to 
20  percent)  are  major  components  of  the  majority  of  available  substi- 
tutes for  high-fusing  gold-based  dental  casting  alloys.  Although  the 
physical  and  mechanical  properties  of  the  nickel-chromium  alloys  are 
sufficient  for  functional  intraoral  usage,  difficulties  have  been  ex- 
perienced in  obtaining  reliable  porcelain-to-metal  bonding  (6). 

It  would  appear,  from  laboratory  and  clinical  observations, 
that  a relatively  thick  scale  which  accrues  at  the  substrate  surface 
during  the  application  of  the  esthetic  ceramic  veneer  is  not  conducive 
to  the  formation  of  color-stable  and  strong  porcelain-to-metal  bonds. 
Pretreatment  of  metallic  substructures  by  the  application  of  colloidal 
gold  or  by  metal-ceramic  mixtures  prior  to  the  application  of  porce- 
lain presents  an  intriguingly  expedient  means  for  achieving  improved 
bonding  of  fused  dental  porcelain  to  nonprecious  (nickel-chromium) 
casting  alloys.  However,  the  excessive  expense  of  colloidal  gold 
preparations  and  the  highly  critical  parameters  of  technique  demanded 
for  the  effective  use  of  proprietary  metal-ceramic  mixtures  have  limi- 
ted the  scope  of  acceptance  of  adhesion-promoting  coating  agents  for 
base  metals. 

Tasks  directed  toward  the  development  of  inexpensive  coating 
agents  and  the  refinement  of  techniques  for  the  promotion  of  nonpre- 
cious metal-to-porcelain  bonding  are  being  conducted  at  the  United 
States  Army  Institute  of  Dental  Research.  This  report  provides  an 
up-to-date  summary  of  our  progress. 

MATERIALS  AND  METHODS 

A simple  test  for  rapid  measurement  of  the  apparent  bond 
strength  of  metal-porcelain  couples  was  developed  within  this  labora- 
tory. The  metallic  components  of  the  test  pieces  were  1/4  X 1/16-inch 
discs.  The  discs  were  cast  from  six  proprietary  base  metal  alloys* 
in  accordance  with  the  laboratory  procedures  recommended  by  the  re- 
spective manufacturers  of  the  materials.  Two  series  of  castings  for 
each  of  the  alloys  were  used  in  specimen  preparation.  Test  surfaces 
of  the  member  castings  of  one  series  were  handground  on  240-grit 
metallographic  papers.  Then  the  discs  were  subjected  to  a 5-minute 

* Neydium,  J.  M.  Ney  Co .,.  Hartford , CN  06101;  Gemini  II,  Kerr  Sybron 
Corp. , Romulus,  MI  48174;  NP-2 , Howmedica,  Inc.,  Dental  Division,  Chi- 
cago, IL  60632;  Omega-VK,  Pro-Met,  Inc.,  Oak  Brook,  IL  60521;  Ticon , 
Ticonium  Co.,  Inc.,  Albany,  NY  12207;  Ceramalloy , Johnson  & Johnson 
Dental  Products  Division,  East  Windsor,  NJ  08520. 


2 


HUGET,  DE  SIMON 


heat  treatment  at  1,950°  F.,  cooled  to  room  temperature  in  open  air 
and  again  ground  lightly  on  240-grit  abrasive  paper.  Castings  inclu- 
ded in  a subsequent  series  were  also  surface-finished  with  240-grit 
papers.  Test  surfaces  of  these  discs  were  covered  with  a thin  coating 
produced  from  a slurry  of  ethyl  alcohol  and  a metal-ceramic  powder. 
Composition  of  the  powder  component  of  the  coating  material  was  fine 
aluminum  (1  part  by  weight)  and  opaque  dental  porcelain  (5  parts  by 
weight).  The  coated  discs  were  heated  to  1,900°  F.  and  cooled  to  room 
temperature.  Wintered  remnants  of  the  metal-ceramic  coating  were 
scraped  from  the  discs  to  create  relatively  flat  surfaces  on  which 
porcelain  could  be  condensed. 

Segments  of  1/8-inch  inside  diameter  polyethylene  tubing  ap- 
proximately 3/16  of  an  inch  in  length  were  attached  to  the  castings 
with  the  use  of  rubber  cement.  This  arrangement  provided  adequate  ma- 
tricies  into  which  aqueous  slurries  of  the  opaque  powder  component  of 
a dental  porcelain"1"  could  be  placed.  After  thorough  condensation  of 
the  porcelain,  the  specimens  were  set  aside  and  allowed  to  dry  in  room 
air  for  20  minutes.  Then  the  assemblies  were  placed  in  an  open  muffle 
for  ignition  and  thermal  destruction  of  the  tubing. 


The  specimens  were  placed  inside  the  muffle  after  tempera- 
ture stabilization  at  1,200°  F.  was  achieved.  The  furnace  tempera- 
ture was  increased  at  a rate  of  80°  F.  per  minute  until  the  porcelain- 

fusion  temperature  of  1,825°  F.  was  reached.  The  muffle  vacuum  was 

broken  and  the  specimens  were  held  at  1,825°  F.  for  two  minutes.  The 
fused  components  were  removed  from  the  muffle  and  cooled  to  room  tem- 
perature in  open  air.  The  fused  alloy-porcelain  pieces  were  placed  in 
9/16-inch  cubic  silicone  rubber  molds.  Cylindrical  receptacles  at  the 
bases  of  the  molds  insured  the  desired  orientation  of  the  alloy-ceram- 
ic specimens.  The  mold  cavities  were  filled  with  a commercial  dental 
tray  acrylic.^  A schematic  representation  of  the  fused  and  mounted 
specimen-components  is  shown  in  Figure  1. 

PLASTIC  CUBE 


CROSS  SECTION 


i % FRONT  VIEW 


+ B.  F.  Vacuum  Porcelain  (Paint-O-Pake) , Ceramco,  Inc.,  New  York, 
NY  11101. 

it  Fastray,  Harry  J.  Bosworth  Co.,  Chicago,  IL  60605. 
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Each  cube  was  fastened  in  a small  vise  for  added  support. 
The  assembly  was  oriented  on  a testing  machine^  to  allow  loading  of 
the  cast  disc  in  a diametral  direction.  Crosshead  speed  of  the 
testing  machine  was  0.02  inch  per  minute.  Bond  strength  was  calcu- 
lated on  the  basis  of  ultimate  load  at  shear  failure  per  unit  area  of 
apparent  porcelain-to-metal  contact. 

RESULTS 

Load  tracings  (Figure  2)  obtained  on  fracture  separation  of 
the  metal-porcelain  couples  did  not  show  deformation  prior  to  bond 
failure . 


Figure  2.  Typical  load  tracing. 


§ Instron  Universal  Tensile  Testing  Machine,  Instron  Corp.,  Canton, 
MA  02021. 
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A prominent  feature  of  the  pattern  of  breakage  displayed  by 
specimens  made  from  noncoated  discs  is  shown  in  Figure  3.  A black 
scale  remained  attached  to  the  contact  surface  of  the  porcelain  cylin- 
der. It  appeared  that  breakage  occurred  between  the  metal  substrate 
and  an  oxide  layer  on  its  surface.  All  specimens  produced  from  non- 
coated discs  of  the  six  test  alloys  failed  in  this  manner  when  sub- 
jected to  shear  loading. 

Failure  of  specimens  made  from  aluminum-ceramic  coated  cas- 
tings occurred  in  the  vicinity  of  the  coating-porcelain  phase  boundary 
(Figure  4).  Remnants  of  porcelain  of  varying  thickness  remained  at- 
tached to  the  coated  surfaces  of  the  metal  discs. 

Bond  strength  data  for  specimens  fabricated  from  noncoated 
and  coated  cast  discs  are  presented  in  Tables  I and  II,  respectively. 
All  reported  values  are  based  on  a minimum  of  30  observations. 

Specimens  made  with  the  use  of  noncoated  castings  exhibited 
relatively  poor  porcelain-to-metal  bonding.  The  six  nickel-chromium 
based  alloys  gave  bond  strengths  that  ranged  from  2,700  to  6,500  psi. 
Precision  of  the  bond  strength  measurements  was  low.  Coefficients  of 
variation  ranged  from  29  to  42  percent. 

A marked  increase  in  measurement  precision  was  obtained  upon 
coating  of  the  castings  prior  to  the  application  of  porcelain.  Coef- 
ficients of  variation  declined  to  a narrow  range  of  11  to  17  percent. 
Also,  specimens  fabricated  from  coated  castings  gave  significantly 
higher  bond  strength  values  than  specimens  made  from  noncoated  cas- 
tings. Increases  in  the  apparent  strengths  of  the  metal-porcelain 
systems  studied  ranged  from  10  percent  to  66  percent  for  Gemini  II- 
porcelain  and  Neydium-porcelain  combinations,  respectively. 

DISCUSSION 

The  application  of  porcelain  to  base  metal  alloys  is  tech- 
nique sensitive.  Failure  of  the  porcelain-metal  bond  often  occurs 
during  the  fabrication  of  a dental  restoration.  Such  a failure  is 
depicted  in  Figure  5.  Separation  of  the  porcelain  from  the  under- 
lying cast  substructure  is  evidenced  by  the  crevice  at  the  occlusal 
juncture  of  the  metal  and  the  ceramic  veneer.  The  crevice  developed 
while  the  restoration  was  being  cooled  to  room  temperature  following 
fusion  of  the  porcelain. 

Porcelain-fused-to-metal  restorations  made  with  the  use  of 
the  aluminum-ceramic  coating  seldom  exhibit  separation  defects 
(Figure  6). 

The  coating  has  been  employed  successfully  in  the  fusion  of 
porcelain  to  a wide  variety  of  base  metal  dental  treatment  devices. 
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Aqueous  slurries  of  dental  porcelain  powders  can  be  applied  to  coated 
castings  with  the  use  of  common  condensation  techniques.  Fusion  of 
opaque,  body,  incisal  and  gingival  porcelains  as  well  as  the  final 
glaze  can  be  accomplished  without  deviation  from  the  time-temperature 
sequence  prescribed  by  the  manufacturer  of  the  selected  ceramic  ma- 
terials . 


Improved  porcelain-to-metal  bonding  that  can  be  attained 
through  the  use  of  an  aluminum-ceramic  coating  broadens  the  range  of 
application  of  inexpensive  nickel-chromium  alloys  in  military  dental 
practice . 


SUMMARY  AND  CONCLUSIONS 

A coating  for  enhancement  of  alloy-porcelain  bond  strength 
has  been  developed  and  its  feasibility  demonstrated.  The  development 
provides  a composition  of  matter  comprising  substantially  one  part  by 
weight  fine  powdered  aluminum,  substantially  5 parts  by  weight  opaque 
dental  porcelain,  and  sufficient  water  to  form  a useable  aqueous  slur- 
ry. The  composition  may  include  ethyl  alcohol  and  any  other  liquid 
which  will  promote  wetting  of  the  substrate  surface  by  the  aluminum- 
ceramic  admixture. 

Improved  base  metal  to  porcelain  bonding  that  can  be  at- 
tained through  the  use  of  the  aluminum-ceramic  coating  material  broad- 
ens the  range  of  application  of  inexpensive  nickel-chromium  alloys  in 
military  dental  practice.  The  advantages  of  this  coating  composition 
over  prior  art  products  are  its  low  cost,  ease  of  preparation  and  ma- 
nipulation, and  effectiveness  in  promotion  of  metal-porcelain  bonding. 
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Figure  4.  Breakage  pattern  of  specimens 
(coated  discs). 
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Figure  5.  Metal-porcelain  bond  failure. 


Figure  6.  Esthetic  fixed  prosthetic  device.  Base  metal  sub 
structure  coated  with  aluminum-ceramic  mixture 
prior  to  application  of  porcelain  veneer. 
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TABLE  I 

APPARENT  ALLOY-PORCELAIN  BOND  STRENGTH 
NONCOATED  CASTINGS 


Alloy 

Mean  Bond  Strength  (PSI) 

C.V. 

Neydium 

2,700 

34 

Gemini  II 

6,500 

29 

NP-2 

5,600 

22 

Omega- VK 

5,500 

33 

Ticon 

3,200 

42 

Ceramalloy 

4,800 

30 

TABLE  II 


APPARENT  ALLOY-PORCELAIN  BOND  STRENGTH 
COATED  CASTINGS 

Alloy Mean  Bond  Strength  (PSI) C.V.  % 


Neydium 

7,800 

12 

Gemini  II 

7,200 

17 

NP-2 

7,700 

14 

Omega-VK 

7,100 

11 

Ticon 

7,700 

16 

Ceramalloy 

8,400 

11 
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TUNNEL  DESTRUCTION  STATE-OF-THE-ART 


CHARLES  E.  JOACHIM 

U.  S.  ARMY  ENGINEER  WATERWAYS  EXPERIMENT  STATION 
VICKSBURG,  MISSISSIPPI  39180 


Current  Army  tunnel  destruction  criteria  (1)  are  based  on 
limited  nuclear-explosive  (NE)  and  high-explosive  (HE)  test  data. 

The  PILE  DRIVER  (2)  and  HARDHAT  (3)  events  investigated  tunnel  and 
support  system  response  where  yields  were  relatively  large  and  tunnel 
diameter  small  compared  to  typical  underground  openings  and  localized 
stress  fields  of  low  yield  weapons.  Some  limited  tunnel  destruction 
information  was  obtained  from  underground  events  of  the  PLUMBBOB  and 
HARDTACK  II  Series  (4).  These  events  used  access  drifts  which  were 
designed  to  be  self  closing  at  the  weapon  point. 

The  limited  NE  data  are  augmented  by  HE  results  from  the 
Underground  Explosion  Test  (UET)  Program,  a series  of  model  and 
prototype-scale  experiments  in  granite  and  sandstone  (5).  Weapon 
standoff  distances  (charge  c.g.  to  tunne.L  wall)  were  at  or  near  the 
maximum  for  major  damage.  Limited  tunnel  destruction  was  produced  by 
a series  of  hasty  and  deliberate  tests  (6)  on  abandoned  railroad 
tunnels  in  basalt.  Additional  HE  data  were  obtained  from  model  tests 
at  the  Waterways  Experiment  Station  (WES)  (7)  using  2-pound  TNT 
charges  and  tunnel  diameters  varying  from  1.2  to  6.6  inches.  Recent 
laboratory  scale  HE  experiments  (8)  conducted  at  the  WES  under  the 
ESSEX  program  investigated  the  effects  of  tunnel  diameter,  standoff 
distance,  charge  confinement,  material  strength  and  to  a limited  ex- 
tent, tunnel  spacing  and  liner  strength  variations  on  tunnel  damage. 

This  paper  summarizes  the  analysis  conducted  to  develop  pre- 
dictions for  the  effects  of  low-yield  nuclear  weapons  against  tunnels 
and  underground  openings  in  rock. 
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DISCUSSION 

During  the  data  analysis  phase,  Hopkinson's  (cube  root)  yield 
scaling  and  NE-HE  equivalence  (for  fully  contained  detonations)  were 
assumed.  This  analysis  showed  good  correlation  between  the  UET  (HE) 
and  HARDHAT  (NE)  tunnel  damage  data.  These  detonations  were  at  or 
near  the  maximum  standoff  distance  for  major  damage.  The  remaining  NE 
damage  data  exhibit  considerable  scatter.  These  NE  events  were  con- 
ducted at  the  Nevada  Test  Site  (NTS)  in  tuff,  a weakly  cemented  highly 
variable  material.  The  data  scatter  is  probably  due  to  local  vari- 
ations in  material  properties  or  water  contents.  HE  damage  data  from 
detonations  inside  tunnels  (basalt)  and  vertical  shafts  (sandstone) 
demonstrate  that  this  weapon  placement  option  produces  only  super- 
ficial tunnel  damage  unless  very  large  yields  are  employed. 

The  current  Army  tunnel  damage  classification  system  (1)  and 
typical  damage  profile  are  depicted  in  Figure  1.  The  four  damage 
zones  (1,  2,  3,  and  4)  in  this  system  are  the  zone  of  complete  damage, 
the  zone  of  rock  breakage,  the  zone  of  continuous  slabbing  and  the 
zone  of  discontinuous  damage,  respectively.  Damage  to  the  outer  limit 
of  Zone  2 is  classified  as  severe  and  constitutes  closure  in  this 
system. 

Tunnel  closure  data  from  medium  strength  models  (8)  (tunnel 
t diameter  50  feet*)  are  plotted  versus  standoff  distance  in  Figure  2. 

Symbols  denote  charge  depth  of  burst  (DOB)  groupings.  Lines  are 
shown  which  connect  maximum  closure  data  for  each  group,  forming 
envelopes  of  maximum  closure  length.  These  data  indicate  a general 
trend  of  increased  length  of  tunnel  closure  with  increased  DOB. 

Charge  tangent  to  (and  above)  the  model  surface  (negative  DOB)  did  not 
produce  closure.  Shallow  charge  DOB’s  (14  to  15  feet)  resulted  in 
significant  tunnel  closure.  Comparison  between  the  shallow  and  inter- 
mediate DOB  (38  to  130  feet)  data  shows  that  the  intermediate  detona- 
tions resulted  in  a 25  percent  increase  in  the  length  of  tunnel  closed. 
Comparison  between  the  intermediate  and  deeper  DOB  (160  to  180  feet) 
data  indicates  that  the  deep  detonations  produced  no  significant  in- 
crease in  tunnel  closure  lengths  within  the  data  scatter. 

Figure  2 also  shows  that  for  medium  strength  material,  very  little 
damage  occurred  at  standoff  distances  greater  than  130  feet  and  that 
the  optimum  standoff  distance  for  producing  tunnel  closure  in  this 
material  is  in  the  range  of  approximately  40  to  100  feet.  At  smaller 
standoff  distances  there  was  not  enough  material  blown  into  the  tunnel 
to  produce  closure  or  an  appreciable  obstacle. 


*A11  dimensions  given  in  this  discussion  are  scaled  to  1 kiloton. 


Figure  1.  Typical  tunnel  damage  profile  and  damage  zones  (1) 
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The  effect  of  tunnel  size  on  length  of  tunnel  closure  is  pre- 
sented in  Figure  3.  Data  for  three  tunnel  diameters  (100,  59,  and 
6.8  feet  are  shown.  The  maximum  standoff  distance  at  which  closure 
occurred  was  essentially  independent  of  tunnel  diameter.  As  standoff 
distance  decreased  a minimum  was  reached  for  the  larger  tunnels  where 
the  debris  volume  was  insufficient  to  fill  the  tunnel.  (Although 
there  was  considerable  data  scatter,  the  tunnel  closure  remained 
relatively  constant  over  a range  of  standoff  distances  from  approxi- 
mately 40  to  100  feet.)  There  was  a distinct  trend  for  more  damage, 
as  indicated  by  closure  length,  as  tunnel  size  decreased. 

Tunnel  closure  data  for  low,  medium  and  high  strength  models  for 
tunnel  diameters  in  the  range  of  50  feet  are  plotted  versus  standoff 
distance  in  Figure  4.  Also  shown  for  comparison  are  the  UET  (granite 
and  sandstone),  HARDHAT  (granite)  and  NTS  (tuff)  data.  As  shown  here, 
these  data  are  in  good  agreement  with  the  low  strength  model  results, 
although  there  is  considerable  scatter  in  the  NTS  (tuff)  results. 

The  maximum  standoff  distance  at  which  closure  occurred  increased 
with  decreasing  material  strength.  As  shown  in  Figure  4,  six  times 
the  length  of  tunnel  was  closed  in  the  low  strength  as  in  the  high 
strength,  material  for  similar  test  geometries. 

A comparison  between  lined  and  unlined  tunnels  is  presented  in 
Figure  5.  These  tests  were  conducted  with  the  medium  strength, 
material  and  one  tunnel  diameter  (50  feet).  Aluminum  tubing  cast 
into  the  model  served  as  tunnel  liners  for  these  experiments.  Three 
thicknesses  of  tubing  were  used  giving  thickness  to  inside  diameter 
(t/d)  ratios  of  0.0090,  0.029,  0.033,  and  0.060.  As  shown  here, 
tunnel  liners  reduced  the  maximum  standoff  distance  at  which  closure 
occurred  and  the  length  of  tunnel  closed.  These  meager  data  also 
indicate  a tendency  for  decreased  damage  with  increased  liner 
thickness.  The  thinnest  liner  (t/d  of  0.0090)  failed  by  buckling 
over  an  appreciable  portion  of  its  length  but  did  not  close 
completely. 

Five  tests  were  conducted  in  the  medium  strength  material  to 
study  the  effects  of  parallel  tunnel  spacing  on  damage.  Tunnel 
diameter  (50  feet)  a^d  charge  standoff  distance  (63  feet)  were  held 
constant  for  these  experiments.  Tunnel  closure  length  from  these 
experiments  is  plotted  versus  the  ratio  of  tunnel  spacing  (center  to 
center  distance)  to  tunnel  diameter  (s/d)  in  Figure  6.  A significant 
increase  (approximately  50  percent)  in  the  length  of  tunnel  closed 
occurred  for  s/d  ratios  slightly  greater  than  unity.  As  the  s/d 
ratio  approached  2,  the  length  of  tunnel  closed  fell  within  the  data 
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Figure  4.  Effect  of  material  strength  on  Figure  5.  Influence  of  liner  thickness  on 

damage  scaled  to  1 KT  damage  scaled  to  1 KT 
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scatter  experienced  from  single  tunnel  at  this  standoff.  The  largest 
s/d  ratio  possible  with  this  tunnel  diameter-standoff  distance 
combination  is  3.5. 

A spall  velocity  measurement  made  in  a model  test  is  compared  to 
the  UET  sandstone  results  in  Figure  7.  The  sandstone  curve  is  ex- 
tended (dashed  line)  into  the  region  of  the  model.  The  spall  velocity 
data  point  is  the  peak  value  of  an  integrated  acceleration  time 
history.  Good  correlation  is  seen  between  the  model  and  the  UET  spall 
velocity  data. 

A comparison  of  least-square  fits  to  the  WES  model  (medium 
strength  material),  UET  (limestone,  granite  and  sandstone),  and 
HARDHAT  (granite)  radial  free-field  strain  data  is  shown  in  Figure  8. 
These  strain  curves  are  indicative  of  the  tunnel  input  loading  (times 
the  appropriate  concentration  factor)  which  produced  the  varying 
degrees  of  tunnel  damage.  Damage  zone  limits  are  also  shown  for  the 
WES  model  (dashed  vertical  lines)  and  HARDHAT  (triangles) , Calculated 
(from  data  fit)  peak  free-field  radial  strains  in  the  WES  model  were 
3850  and  2050  micro-inches /inch  for  the  maximum  radius  for  closure  and 
continuous  breakage,  respectively. 

Peak  radial  particle  velocity  data  from  the  free-field  test  block 
are  presented  in  Figure  9.  The  model  tunnel  peak  particle  velocity 
data  point  shown  here  was  calculated  assuming  a free-field  velocity 
of  one-half  the  spall  velocity.  Assuming  the  one-dimensional  relation 
v = ec  where  c is  9330  ft/sec,  the  WES  model  peak  free-field  radial 
strain  curve  from  Figure  8 was  used  to  calculate  the.  velocity  curve 
shown  in  Figure  9.  Also  included  in  this  figure  are  data  fits  from 
the  larger  UET  events  (rounds  814,  815,  816,  and  817)  in  sandstone  and 
the  HARDHAT  experiment.  Although  a factor  of  two  difference  exists 
between  the  WES  model  calculated  velocity  and  the  HARDHAT  curve, 
closure  for  both  experiments  occurred  at  a peak  free-field  particle 
velocity  of  approximately  40  ft/sec. 


CONCLUSIONS 

Tunnel  damage,  as  indicated  by  the  degree  of  closure,  is  highly 
dependent  on  the  strength  of  the  rock;  significantly  greater  damage 
is  associated  with  the  weaker  materials  (Figure  4). 

Within  the  bounds  ot  the  rest  conditions,  the  smaller  tunnels 
underwent  the  greatest  damage  for  a given  weapon  standoff  distance 
(Figure  3). 
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Figure  8.  Peak  radial  free-field  strain  Figure  9.  Peak  radial  free-field  particle 

versus  distance  scaled  to  1 KT  velocity  versus  distance  scaled 
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For  a 1 KT  weapon  and  a tunnel  diameter  of  50  feet  the  optimum 
standoff  distance  for  tunnel  closure  is  in  the  region  between  40  and 
100  feet  in  medium  and  low  strength  materials  (Figure  5). 

Tunnel  closure  at  the  optimum  standoff  distance  (40  to  100  feet) 
was  approximately  50  percent  greater  in  the  low  strength  grout  than 
in  the  medium  strength  material;  tunnels  in  the  high  strength  material 
were  virtually  undamaged  at  these  standoff  distances. 

Virtually  no  closure  would  be  expected  in  the  weaker  geologic 
materials  at  standoff  distances  exceeding  250  feet. 

A comparison  of  the  model  test  results  with  data  in  real  geologic 
materials  (UET  granite  and  sandstone,  HARDHAT  granite,  and  NTS  tuff) 
showed  that  the  low  strength  rock  simulant  did  the  best  job  of 
modeling  tunnel  damage  (Figure  4) ; it  is  believed  that  the  low- 
strength  material  best  compensates  for  the  joints,  cracks,  and  faults 
present  in  natural  rock  masses. 

Limited  data  from  experiments  using  aluminum  tubing  to  simulate 
tunnel  liners  indicates  a reduction  in  damage  with  increased  liner 
thickness  (Figure  5). 

A significant  increase  (approximately  50  percent)  in  damage  to 
parallel  tunnels,  as  indicated  by  closure  length,  occurred  when  the 
tunnel  centerlines  were  spaced  slightly  greater  than  one  tunnel 
diameter  apart  (Figure  6) . 

Closure  occurs  at  a peak  free-field  radial  velocity  in  excess  of 
approximately  40  ft/sec  (Figure  9) . 

To  achieve  maximum  damage  to  tunnels  50  feet  in  diameter  and 
smaller  from  a 1 KT  weapon,  the  device  should  be  detonated  at  or 
above  the  spring  line  at  a DOB  of  40  feet  or  greater  and  at  a stand- 
off distance  between  40  and  100  feet. 

Damage  decreases  with  decreased  DOB.  Tunnel  damage  is  80  percent 
of  maximum  at  DOB  of  15  feet.  No  significant  tunnel  damage  occurs 
from  weapons  detonated  15  feet  above  the  surface. 

When  stemmed  or  unstemmed  devices  are  detonated  inside  the  tunnel 
the  yield  required  for  closure  is  a function  of  tunnel  diameter.  A 

3 

weapon  yield  (KT)  (D/20)  is  required  for  closure  with  weapons  placed 
inside  the  tunnel  where  D is  the  tunnel  diameter. 
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I Introduction 


Recent  increases  in  fuel  prices  have  resulted  in  an  interest  in 
the  development  of  alternate  sources  of  energy.  Solar  energy  is  one 
such  source,  as  the  technical  feasibility  of  heating  buildings  using 
flat-plat  collectors  has  been  established  both  in  theory  and  in  prac- 
tice. While  the  construction  phase  of  solar  energy  systems  requires 
little  more  skill  than  is  needed  to  install  conventional  heating  sys- 
tems, the  design  phase  is  considerably  more  complex.  The  fact  that 
solar  energy  is  often  not  available  when  it  is  needed  makes  system 
design  unconventional  in  that  the  sun  supplies  some,  but  not  all,  of 
the  building  energy  requirement.  In  addition,  an  auxiliary  source  of 
energy,  capable  of  meeting  the  peak  demand,  must  be  provided  to 
supply  heat  whenever  energy  from  the  sun  is  not  available. 

In  the  past,  because  of  the  uncontrolled  nature  of  solar  energy, 
extensive  and  costly  computer  studies  (taking  into  account  hourly 
weather  data  from  the  site  in  question)  have  been  required  to  design 
and  evaluate  solar  energy  systems.  For  the  purposes  of  determining 
system  feasibility,  the  cost  of  these  studies  can  be  prohibitive. 
Thus,  there  is  need  for  a simple,  manual  method  for  making  the 
necessary  design  calculations  and  system  performance  evaluations 
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prior  to  a computer  analysis.  It  is  the  purpose  of  this  paper  to  de- 
scribe such  a method,  and  to  compare  the  predictions  of  the  method  to 
the  actual  performance  of  a solar  facility.  Section  II  of  this  paper 
gives  a brief  description  of  this  manual  method,  while  Section  III 
describes  the  solar  facility  from  which  data  was  collected.  Sections 
IV  and  V summarize  the  system  monthly  and  component  performance,  re- 
spectively. Conclusions  follow  in  Section  VI. 

II  The  Universal  Curve  for  Solar  Heating 


In  the  course  of  the  development  of  a solar  energy  system  com- 
puter model  for  use  in  CERL's  Building  Load  Analysis  and  System 
Thermodynamics  (BLAST)  energy  analysis  program,  CERL  performed 
several  hundred  hour-by-hour  simulations  of  solar  systems  used  with 
typical  Army  buildings  in  various  parts  of  the  country.  (1)  Analysis 
of  the  performance  of  these  systems  indicated  that,  with  proper  nor- 
malization, the  performance  of  a given  solar  system  for  all  buildings 
in  all  locations  could  be  represented  for  the  purposes  of  feasibility 
analysis  by  a single  universal  performance  curve. 

A schematic  of  the  type  of  system  under  consideration  is  given 
in  Figure  1.  Solar  radiation,  when  available,  is  converted  to  ther- 
mal energy  at  the  collectors  and  is  transferred  to  the  storage  tank 
by  the  collector  and  storage  pumps.  The  heat  exchanger,  isolating 
the  collection  and  storage  loops,  allows  the  collector  fluid  to  be 
freezed-protected.  Normal  operation  of  the  system  permits  heating  of 
the  storage  tank  whenever  sufficient  solar  energy  is  available. 

Energy  is  taken  from  the  tank  by  the  load  pump  (if  the  storage 
water  is  sufficiently  hot)  whenever  there  is  a demand  for  heat  in  the 
building.  If  the  storage  temperature  falls  too  low  for  heating 
(,95  F) , the  auto-valve  diverts  flow  around  the  tank,  and  the  auxil- 
iary heater  is  energized.  As  pictured,  this  system  is  representative 
of  a large  class  of  liquid  solar  energy  system;  all  the  solar  heating 
simulations  run  for  this  study  assumed  such  a configuration. 

Use  of  the  universal  curve  for  solar  heating,  pictured  in  Figure 
2,  allows  an  estimation  of  the  monthly  (and  seasonal)  performance  of 
the  system  of  Figure  1.  In  order  to  apply  the  curve,  the  user  must 
input  only  two  quantities,  the  monthly  radiation  incident  on  the  pro- 
posed collector  array,  and  the  monthly  thermal  energy  requirement  of 
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FIGURE  I 

CERL  SOLAR  HOUSE 
(SCHEMATIC) 
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the  building  in  question.  The  ratio  of  these  two  quantities,  defined 
to  be  the  solar  system  performance  parameter,  P , is  a relative 
measure  of  the  amount  of  available  solar  energy  compared  to  the  ther- 
mal energy  requirement  of  the  building.  Once  P is  computed,  the 
curve  may  be  consulted  directly  to  estimate  the  fraction,  p,  of  the 
building  energy  requirement  which  Can  be  provided  by  the  sun.  As 
derived,  it  is  the  function  of  the  universal  curve  to  allow  predic- 
tion of  the  monthly  solar  system  performance  for  any  value  of  P . A 
more  detailed  description  of  the  curve  (including  curves  for  domestic 
heat  water  and  solar  heating  and  cooling  applications)  is  given  in 
Reference  2. 

It  can  be  seen  from  Figure  2,  that  the  universal  curve  approach 
to  solar  system  design  offers  a great  advantage  over  an  hour  by  hour 
computer  analysis.  Reasonable  values  of  collector  efficiency,  heat 
exchanger  effectiveness,  and  storage  tank  heat  loss  were  assumed  in 
the  simulations  which  produced  the  universal  curve.  The  fact  that 
reasonable  values  for  these  parameters  are  contained  implicitly 
within  the  curve  greatly  minimizes  the  amount  of  input  information 
required  of  the  user. 


Ill  A Description  of  the  CERL  Solar  House 


Data  from  CERL's  solar  house  was  used  to  evaluate  the  accuracy 
of  the  universal  curve.  This  solar  house  is  a 540  sq.ft,  residence 
which  has  been  retrofit  with  a solar  heating  system.  Originally 
built  to  test  a foam  block  construction  concept,  the  structure  con- 
sists of  polystyrene  blocks  6 inches  thick  by  12  inches  high,  and  8 
to  10  feet  in  length.  Structural  integrity  is  provided  by  3 inch 
poured  concrete  pillars  spaced  on  two  foot  centers  in  holes  in  the 
blocks.  Because  of  the  thickness  of  the  polystyrene,  the  thermal 
losses  of  the  structure  are  due  almost  entirely  to  infiltration. 

The  solar  system  itself  (Figure  1)  is  driven  by  an  array  of  12 
single  glaze,  selective  surface  flat-plate  collectors.  An  inhibited 
water-glycol  solution  is  circulated  through  the  array  such  that  each 
collector  is  subject  to  approximately  .63gpm  when  the  collector  pump 
is  active.  The  collector  loop,  which  contains  approximately  12  gal- 
lons, is  isolated  from  a pure  water  storage  system  by  a single  pass, 
counter  flow  heat  exchanger. 
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The  storage  tank  is  a 1584  gallon  precast  concrete  septic  tank 
which  has  been  foamed  with  8 inches  of  polyurethene  insulation  and 
partially  buried  on  the  north  side  of  the  house.  Two  self  priming 
pumps  draw  water  from  the  tank;  one  (the  storage  pump)  delivering 
water  to  the  heat  exchanger,  the  other  (the  load  pump)  to  the  heating 
coil.  If,  during  the  heating  season,  the  storage  temperature  drops 
below  95°F,  a 12KW  electric  "in  line"  heater  supplies  the  auxiliary, 
energy.  The  auto  diverting  valve  allows  heat  to  be  delivered  to  the 
coil,  while  by-passing  the  tank,  when  the  backup  is  required. 

The  control  of  energy  flows  within  the  house  is  entirely  auto- 
matic. Collection  of  solar  energy  is  initiated  whenever  the  col- 
lector plate  is  10°F  warmer  than  the  tank,  and  is  terminated  when  the 
collector  is  within  3 F of  the  tank  temperature.  Distribution  of  the 
heat  to  the  building  is  controlled  by  a room  thermostat,  in  conjunc- 
tion with  a commercially  available  aquastat  (used  to  determine 
whether  or  not  the  tank  is  above  the  95°F  cut-off  temperature).  When 
solar  energy  is  available,  a demand  for  heat  by  the  thermostat  acti- 
vates the  load  pump  and  distribution  fan.  As  the  tank  falls  below 
95°F,  the  position  of  the  auto-valve  is  changed  (so  that  the  re- 
sistance heat  is  delivered  to  the  heating  coil),  and  the  auxiliary 
heater  energized.  In  this  case,  the  load  pump  and  fan  are  still  in 
operation. 

The  house  is  fully  instrumented.  A 40  channel  data  acquisition 
system  records  hourly  values  of  solar  radiation,  fluid  flow  rates, 
liquid  and  air  temperatures  and  energy  flows  within  the  system.  The 
performance  of  the  facility  for  a "typical"  sunny  winter  (20°F)  day 
is  given  in  Figure  3.  The  instantaneous  solar  radiation,  indicated 
by  the  circles  on  the  figure,  serves  to  add  energy  to  the  tank  hourly 
in  the. amount  shown  by  the  squares.  This  energy  increases  the  tank 
temperature  (with  no  energy  withdrawn)  as  given  by  the  trianglular 
plot.  Finally,  the  electrical  energy  expended  by  the  pumps  in  col- 
lecting the  solar  energy  is  also  shown,  and  is  seen  to  be  roughly  10% 
of  the  energy  collected. 


IV  The  Solar  System  Seasonal  Performance 


The  monthly  performance  of  the  CERL  solar  house  was  tabulated 
for  February,  March,  and  April  of  1977.  A summary  of  the  character 
of  the  1977  heating  season  for  these  months  is  given  in  Table  I. 
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From  the  table  it  is  seen  that,  for  the  months  under  consideration, 
the  temperature  was  generally  higher  than  normal,  while  the  solar 
radiation  was  slightly  lower. 


TABLE  1 


Temperature  (°F) 

FEB 

MAR 

APR 

Monthly  Mean  (1977) 

28.6 

45.1 

57.7 

Departure  from  normal  (3) 

-.5 

+5.7 

+6.4 

2 

Horizontal  Solar  Radiation (Btu/ft  ) 

FEB 

MAR 

APR 

Monthly  Mean  (1977) 

773 

929 

1299 

Departure  from  normal  (4) 

-97 

-251 

-231 

Both  quantities  required  for  a computation  of  P were  measured 
directly.  The  solar  radiation  was  determined  by  a pyranometer  ori- 
ented in  the  plane  of  the  collectors;  instantaneous  values  of  this 
quantity  were  integrated  each  hour  and  summed  for  the  month.  The 
total  building  load  was  measured  by  integrating  an  ftCpAT  product  of 
the  water  delivered  to  the  heating  coil  (where  m is  the  mass  flow 
rate,  Cp  the  fluid  specific  heat,  and  AT  the  temperature  differential 
across  the  coil)  and  summing  this  product  for  the  month.  The  ratio 
of  the  solar  radiation  incident  on  the  collector  array  to  the  build- 
ing thermal  energy  requirement  for  each  month  gave  a monthly  value 

for  P . 

s 

Measurement  of  the  fraction,  p,  of  the  building  energy  supplied 
by  the  sun,  was  enabled  by  integrating  an  ft  CpAT  product  only  when 
the  energy  delivered  to  the  heating  coil  originated  from  the  tank. 

The  ratio  of  this  product  to  the  total  load  gives  the  actual  percent 
solar  directly. 

A comparison  of  the  measured  and  predicted  p is  given  in  Table 
II  for  each  month. 
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TABLE  II 


Month 

Slope  Radiation 

Load 

P 

£ _S 

p actual 

p pred 

(1977) 

(BTUX10  ; 

(BTUX10 

6) 

FEB 

6.3 

4.2 

1.5 

.36 

.41 

MAR 

6.9 

3.0 

2.3 

.44 

.58 

APR 

5.1 

1.6 

3.3 

.71 

.76 

Here , p 

predicted  is  calculated 

from  the 

universal 

curve  using 

measured  value  of  Ps<  For  example.  In  February  it  is  seen  that 
6.3X10°  Btu  were  incident  upon  the  collector  array.  The  thermal 
energy  requirement  for  this  time  period  was  measured  at  the  heating 
coil  to  be  4.2X10°BTU.  The  ratio  of  these  quantities  gives  a P of 
1.5,  which  from  the  universal  curve  implies  a p of  .41.  The  actual 
measurement,  however,  indicated  that  the  system  operated  at  36%  solar 
(or  p = .36). 

The  general  trend  in  the  data  is  quite  evident;  the  system 
performance  is  always  lower  that  expected.  Possible  reasons  for  this 
discrepancy  are  discussed  in  Section  V. 


V Solar  System  Component  Performance 


The  deviation  in  p measured  from  p predicted  led  to  a more 
detailed  analysis  of  the  solar  system  component  performance,  where 
the  three  principle  components  of  the  solar  system  are  the  heat 
exchanger,  the  storage  tank  and  the  collectors.  Data  from  the 
performance  of  these  components  was  compared  to  the  models  used  in 
the  generation  of  the  universal  curve. 

In  the  derivation  of  the  universal  curve  for  solar  heating,  a 
heat  exchanger  effectiveness  of  .8  was  assumed.  An  experimental 
determination  of  this  quantity,  is  difficult  to  make  because  of  the 
small  temperature  differentials  which  are  present.  From  measurements 
of  fluid  flow  rates,  specific  heats,  and  temperatures  at  the  inlet 
and  outlets  of  the  primary  and  secondary  sides  of  the  heat  exchanger 
it  was  found  that  the  heat  exchanger  effectiveness  for  the  test 
facility  was  greater  than  .8.  Since  it  is  shown  in  Reference  2 that, 
in  this  range,  the  heat  exchanger  effectiveness  has  little  effect  on 
solar  system  performance,  it  was  concluded  that  the  heat  exchanger 
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was  not  causing  the  discrepancy  between  the  actual  and  predicted 
values  of  p. 

Heat  losses  from  the  storage  tank  were  also  examined. 
Measurements  of  the  tank  temperature  as  a function  of  time  during 
periods  for  which  energy  was  neither  added  to  nor  removed  from  the 
tank  indicated  that  the  rate  of  heat  loss  from  the  storage  tank  was 
in  good  agreement  with  the  predictions  of  the  model.  (At  CERL  the 
decay  of  tank  temperature  with  time  was  on  the  order  of  ,l°F/hr  under 
conditions  of  no  energy  flow  for  tanks  at  100°F.)  Furthermore, 
independent  simulations  have  shown,  that  the  monthly  solar  fraction, 
once  again,  is  not  strongly  dependent  on  the  rate  of  heat  loss  from 
the  tank.  According  to  the  model,  for  a P of  2,  tank  U-values  of 
.05  and  .2  BTU/f t -hr-°F  lead  to  solar  fractions  of  .58  and  .56 
respectively.  This  result  implies  that  the  tank  loss  parameter  is 
not  responsible  for  the  discrepancy  between  the  measured  and 
predicted  monthly  solar  percent. 

The  final  component  to  evaluate  is  the  solar  collectors.  The 
National  Bureau  of  Standards  has  defined  a procedure  for  reporting 
the  thermal  performance  of  a solar  collector.  (5)  The  results  of  the 
test,  plotted  (open  circles)  in  the  N.B.S.  format,  are  given  in 
Figure  4 for  a single  collector  of  the  type  in  use  at  CERL.  Here,  ri 
is  the  instantaneous  collecter  efficiency,  (defined  to  b£  the  ratio 
of  thermal  energy  collected  to  incident  solar  energy),  Tp  the  average 
collector  plate  temperature,  T.  the  ambient  temperature,  and  I the 
instantaneous  solar  radiation  flux.  From  the  figure  it  is  seen  that, 
in  spite  of  the  complexity  of  the  collection  process , the  performance 
of  a solar  collector  can  be  described  to  good  approximation  by  only 
two  parameters,  namely  the  slope  and  intercept  of  an  N.B.S.  plot. 

The  NBS  model  for  solar  collector  performance  used  in  the 
development  of  the  universal  curve  is  shown  (dotted  line)  in  Figure 
4.  This  line  does  not  coincide  with  the  actual  single  collector 
curve  for  the  CERL  collector  NBS  because  the  solar  system  simulations 
were  performed  before  the  performance  data  for  the  CERL  collectors 
was  available.  The  discreet  data  points  on  the  figure  show  the  CERL 
measurements  of  the  actual  performance  of  the  CERL  collector  array 
for  the  dates  shown.  The  general  trend  in  the  data  is  clear;  the 
actual  array  performance  falls  short  both  of  the  single  collector 
test  results  and  of  the  line  used  to  generate  the  universal  curve. 

It  is  the  discrepancy  which  accounts  for  a majority  of  the  deviation 
in  pactual  from  ppredicted. 
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While  the  reason  for  this  degredation  of  collector  array 
performance  is  currently  under  investigation,  some  comments  can  be 
made  at  this  time.  The  actual  collector  array  is  subject  to  a range 
of  climatic  conditions,  some  of  which  were  not  present  for  the  single 
collector  measurement.  In  particular,  collection  efficiency  is 
reduced  during  periods  of  high  winds.  Unfortunately,  effects  of  this 
nature  are  difficult  to  estimate  quantitatively  as  a model  is 
required  for  the  "local"  wind  in  the  vicinity  of  the  collector. 

Other  factors  exist  which  complicate  the  comparison  of  single 
collector  to  array  performance.  Heat  loss  in  the  headers,  for 
example,  minimal  for  a single  collector,  can  be  more  significant  in 
an  array.  Furthermore,  any  effects  of  long  term  degredation  in  plate 
absorptivity-emissivity  or  insulation  thermal  conductivity  are  not 
observed  during  a short  duration  N.B.S.  test. 


VI  Conclusions 


An  analysis  of  the  performance  of  a residential  solar  heating 
system  was  carried  out  for  three  months  from  the  1977  heating  season 
and  compared  to  the  performance  predicted  using  the  universal  curve. 
The  measured  solar  fraction  of  energy  supplied  to  the  building  was 
found  to  be  less  than  predicted,  but  the  reduced  solar  performance 
was  explained,  in  part,  by  the  fact  that  the  CERL  collector  array 
efficiency  was  consistently  lower  than  the  published  test  results  for 
a single  collector.  Therefore,  in  spite  of  the  discrepancy  between 
the  actual  and  predicted  percent  solar,  it  is  felt  that  the  procedure 
for  solar  design  offered  by  the  universal  curve  provides  the  user 
with  a simple,  manual  method  for  making  an  estimate  of  the 
feasibility  of  a solar  heating  system. 
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USE  OF  COMPUTERS  IN  MOLD  DESIGN  (U) 


*ROBERT  E.  KEENAN,  JR.,  MAJ,  EN 
MR.  WILLIAM  C.  ERICKSON 
LOS  ALAMOS  SCIENTIFIC  LABORATORY 
LOS  ALAMOS,  NEW  MEXICO  87545 


Mold  design  is  an  art.  Numerous  design  techniques  are  used 
to  ensure  that  the  casting  obtained  from  a mold  is  sound.  Normally, 
the  designer  uses  a trial-and-error  method  to  perfect  his  mold.  If 
defects  in  the  casting  are  discovered,  he  changes  the  design  and  casts 
another  part.  As  the  size  and  complexity  of  the  mold  increase,  how- 
ever, this  approach  becomes  economically  unfeasible,  especially  when 
the  cost  of  the  metal  to  be  cast  is  high. 


A.w  the  Lee  Alerc°  Lsbcretcry ^ it  ic  often  'nGc- 

essary  to  cast  parts  of  uranium,  gold  or  other  metals  that  are  rare 
and/or  of  high  chemical  and  isotopic  purity.  Uranium  parts  are  cast 
in  zirconium-oxide-coated  graphite  molds  which  are  relatively  expen- 
sive to  fabricate.  Also  of  significance  is  the  recovery  cost;  i.e., 
the  cost  to  repurify  the  extra  metal  after  the  casting  has  been  ma- 
chined. These  costs  are  important  in  two  ways.  First,  they  provide 
motivation  to  design  better  molds  so  that  sound  castings  can  be  ob- 
tained with  less  waste.  Second,  they  prevent  the  use  of  the  ordinary 
trial-and-error  method  of  mold  design. 


This  paper  presents  our  efforts  to  determine  a system  to 
evaluate  mold  designs  using  computer  simulations.  Although  we  report 
on  the  mold  design  for  a thin-walled  uranium  hemisphere,  the  system  is 
applicable  to  virtually  any  shape  mold. 


/ 


* KEENAN  & ERICKSON 


Cross  Sectional  View 


Figure  1.  Current  mold  design  for  hemispherical  casting. 


BACKGROUND 


Figure  1 depicts  an  example  of  a mold  used  to  cast  a thin- 
walled  uranium  hemisphere. 

An  allowance  for  machining  is  included  in  the  hemisphere 
cavity,  and  another  large  volume  of  "waste"  metal  is  in  the  riser 
cavity.  The  riser  performs  two  essential  functions  in  this  design. 
First,  it  provides  a reservoir  of  molten  metal  to  feed  the  casting  as 
it  shrinks  during  solidification.  Second,  it  moves  the  thermal  center 
of  the  system  from  the  part  into  the  riser.  As  a result,  a tempera- 
ture gradient  is  created  which  allows  the  casting  to  cool  from  the 
equator  towards  the  riser.*  Solidification  occurs  in  the  vicinity  of 


It  is  important  to  note  that  this  temperature  gradient  occurs  only 
if  the  initial  temperature  of  the  mold  is  below  the  melting  point 
of  the  molten  metal. 
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all  the  interior  surfaces,  but  not  rapidly  enough  to  close  off  any 
still-molten  part  from  the  riser.  In  a typical  mold  designed  on  these 
principles,  the  riser  and  machine  allowances  contain  more  metal  than 
is  in  the  final  machined  hemisphere. 

When  casting  hemispherical  shapes  in  chill  molds,  another 
phenomenon  is  of  interest.  Figure  2 is  a picture  (taken  with  a flash 
x-ray  machine)  of  a mold  as  it  is  being  filled  with  lead.  As  the 
molten  metal  hits  the  mold  core  (A)  it  is  splashed  against  the  outer 


Figure  2.  Flash  radiograph  of  molten  metal  entering  mold. 
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cavity  wall  (B).  Because  the  mold  is  below  the  melting  temperature  of 
the  metal,  some  freezing  of  the  metal  occurs  where  it  strikes  the  out- 
er wall.  Because  of  the  splashing,  voids  are  frozen  into  the  metal. 

In  thin-walled  castings,  the  metal  cools  so  quickly  that  this  metal 
never  remelts  to  free  the  voids  as  the  mold  is  filled.  In  addition, 
this  area  acts  as  a trap  for  gases  rising  from  the  lower  part  of  the 
casting.  Consequently,  additional  allowance  must  be  made  to  insure 
that  these  defects  can  be  machined  away. 

With  the  objective  of  reducing  or  eliminating  all  of  these 
problems  and  thereby  reducing  costs,  we  decided  to  design  a new  mold. 
We  reasoned  that  if  we  could  preheat  the  mold  above  the  melting  tem- 
perature of  the  metal,  then  withdraw  heat  from  the  system  at  the  equa- 
tor of  the  casting  with  some  type  of  cooling  system,  we  could  obtain 
a temperature  gradient  in  the  casting  and  mold  which  would  force  the 
solidification  front  to  move  in  the  desired  direction.  Since  the  ini- 
tial temperature  of  the  mold  would  be  above  the  melting  temperature, 
solidification  would  not  occur  along  the  mold  surfaces.  This  would 
allow  us  to  reduce  the  machine  allowances.  The  riser  would  stay 
molten  longer,  allowing  us  to  reduce  its  size  as  well. 

To  evaluate  a new  design,  we  need  to  know  how  the  solidifi- 
cation front  advances  as  the  casting  cools.  For  thin-walled  shapes, 
it  is  impossible  to  obtain  this  information  experimentally.  Molten 
uranium  will  react  with  bare  thermocouples.  Thus  the  thermocouples 
could  not  be  placed  in  the  molten  metal  and  would  either  have  to  be 
inserted  into  the  mold  or  encased  in  ceramic.  Both  of  these  situa- 
tions cause  inaccuracies  for  which  it  is  very  difficult  to  account. 
Therefore,  to  evaluate  our  directional  solidification  concept,  we 
decided  to  simulate  the  cooling  process  using  a digital  computer. 

DISCUSSION 

Computer  Programs 

For  heat-transfer  calculations,  we  used  the  Chrysler  Im- 
proved Numerical  Differencing  Analyzer  for  3rd  Generation  Computers 
(CINDA-3G) . It  is  a computer  program  in  general  use  at  LASL.* 

This  program  employs  the  user's  choice  of  several  finite  differencing 
algorithms  to  obtain  solutions  to  transient  or  steady  state  thermo- 
dynamic systems. 


*CINDA-3G  was  developed  by  the  Chrysler  Corporation  Space  Division 
under  contract  NAS9-70A3  to  the  National  Aeronautics  and  Space 
Administration's  Manned  Spacecraft  Center  at  Houston. 
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The  thermal  system  is  presented  to  CINDA-3G  in  a network 
format,  consisting  of  nodes  and  conductors.  Each  node  is  identified 
by  number,  volume,  and  a reference  to  an  array  of  its  thermal  proper- 
ties. Each  conductor  (one  between  each  pair  of  adjacent  nodes)  is 
identified  by  number,  two  node  numbers,  and  a reference  to  an  array 
containing  temperature-varying  thermal  conductivity. 

Three  types  of  nodes  are  allowed.  Diffusion  nodes  have  the 
capability  to  store  energy  (thermal  capacitance).  Arithmetic  nodes 
have  no  thermal  capacitance,  and  negligible  volumes.  They  are  used  to 
obtain  temperatures  at  specific  points  of  interest.  Boundary  nodes 
are  used  to  set  mathematical  boundary  conditions.  Temperatures  of 
boundary  nodes  are  not  changed  by  the  differencing  subroutines,  but 
may  be  changed  by  the  user  during  a simulation. 

Only  two  types  of  conductors  may  be  used,  regular  and  radia- 
tion. Thus,  a simple  one-dimensional  network  might  look  like  figure  3. 
In  this  system  nodes  and  conductors  are  of  the  types  indicated  in 
Table  1. 


Capacitance  (C)  is  defined  only  for  diffusion  nodes.  It  is 
calculated  as  the  product  of  node  volume  and  the  temperature-dependent 
properties  of  density  and  specific  heat. 


V^C.  . 

la  pi 


Figure  3.  Example  network  of  ID  thermal  system 
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TABLE  I 


• 

NODE  AND 

CONDUCTOR  TYPES 

FOR  SYSTEM  IN  FIGURE 

THREE 

Node 

Type 

Conductor 

Type 

1 

T1 

Diffusion 

Gl 

Regular 

i 

T2 

Diffusion 

G2 

Regular 

1 

T3 

Diffusion 

G3 

Regular 

T4 

Arithmetic 

G4 

Radiation 

T5 

Arithmetic 

G5 

Regular 

1 

T6 

Diffusion 

G6 

Regular 

T7 

Diffusion 

G7 

Radiation 

T8 

Boundary 

Conductance  (G)  calculations  depend  on  the  type  of  conductor. 
Through  solid  material. 


where  k = temperature-dependent  thermal 

conductivity 

A = cross-sectional  heat  flow  area 

x = path  length  between  node  centers. 

For  convective  heat  transfer, 

Gi  = hA 

where  h = convective  heat  transfer 

coefficient 

A = cross-sectional  heat  flow  area. 

In  the  case  of  radiative  heat  transfer,  conductance  is  calculated 
using  this  equation: 

G^  =■  oAF 

where  o = Stefan-Boltzmann  constant 

A = radiant  surface  area 

F = net  radiant  interchange 

factor. 
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The  extension  of  this  one-dimensional  system  into  two  or 
three  dimensions  is  not  difficult  to  visualize.  However,  if  done  by 
hand,  the  calculation  of  node  volumes,  distances  between  node  centers 
and  cross-sectional  heat  flow  areas  would  be  tedious  and  tiine-consura- 
ing^  For  axiosymmetric  molds,  these  calculations  are  handled  by  FED- 
JB,  a program  which  also  writes  a disk  file  containing  the  node  and 
conductor  data.  After  program  control  constants,  thermal  property 
arrays,  and  other  instructions  are  added,  this  file  is  used  as  the 
input  data  for  CINDA-3G. 

For  molds  containing  hundreds  of  nodes,  a large  volume  of 
data  is  generated.  Even  if  only,  the  data  for  the  uranium  nodes  were 
printed,  temperatures  at  every  time  step  would  fill  hundreds  of  pages 
of  output.  In  addition,  the  manipulation  of  this  data  by  hand  to  find 
meaningful  results  would  be  extremely  time-consuming. 

Using  a set  of  subroutines  previously  developed  by  the 
authors  at  LASL,  the  data  can  be  presented  on  16  mm  or  35  mm  color 
film.^)  At  the  end  of  each  specified  time  interval,  a frame  is  plot- 
ted showing  each  node  of  the  network.  One  of  several  available  char- 
acters (for  instance,  *,  +,  -)  is  plotted  on  the  film  at  a point  cor- 
responding with  the  center  of  each  node.  The  color  of  each  character 
is  set  according  to  the  temperature  range  within  which  the  node  falls. 
When  16  mm  film  is  made,  the  temperature  changes  can  be  studied  as  the 
film  is  projected  as  a motion  picture.  This  allows  rapid  determina- 
tion of  the  effects  of  changes  in  mold  design,  since  the  advancement 
of  the  solidification  front  can  readily  be  seen. 

Design  Procedures  and  Results 

The  initial  concept  of  a cooling  system  of  a hemispherical 
mold  is  shown  in  figure  4. 

For  computer  simulation,  a very  simple  model  was  constructed 
to  first  test  the  feasibility  of  the  directional  solidification  con- 
cept. Assumptions  were:  (1)  that  the  mold  cavity  is  filled  instan- 
taneously; (2)  that  intimate  contact  exists  between  metal  and  mold. 

For  simplicity,  the  mold  coatings  (normally  flame-sprayed  zirconium 


*FEDJB  is  the  result  of  modifications  by  Jim  Burns,  Group  WX-1,  LASL, 
to  FED. (2)  FED  is  a "heat  mesher"  developed  at  Lawrence  Livermore 
Laboratory  (LLL)  to  calculate  the  same  type  of  input  for  TRUMP, 
another  computer  program  for  thermodynamic  problems. 
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Figure  4.  Schematic  of  cooling  system  for  hemispherical  mold. 


dioxide)  were  ignored.  The  initial  temperature  of  the  melt  was  1275°C 
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Btu/min  was  removed  from  the  system  from  the  node  directly  under  the 
equator  of  the  casting. 


The  results  of  this  initial  model  proved  the  feasibility  of 
the  concept.  They  also  indicated  that  the  transfer  of  heat  through 
the  graphite  conductors  to  the  heat  extraction  area  must  be  reduced. 
We  then  proceeded  to  design  our  mold. 


Our  initial  mold  design  incorporated  a square  channel  ma- 
chined into  the  graphite  mold  through  which  liquid  tin  at  350°C  (662°I) 
would  circulate  as  a coolant.  This  channel  is  separated  from  the  cast- 
ing by  a thin  sheet  of  graphite  (see  figure  5).  The  zirconium  dioxide 
mold  coatings  are  included  and  a piece  of  low-conductivity  graphite  is 
inserted  to  reduce  the  heat  flow  through  the  mold.  For  this  simula- 
tion, the  center  tin  node  is  kept  at  350°C  throughout.  Otherwise,  the 
assumptions  are  the  same  as  for  the  previous  model. 
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Figure  5. 

Initial 

mold 

design. 


Results  of  this  simu- 
lation indicate  that  the  core 
cools  off  much  more  rapidly  than 
the  case,  causing  the  uranium  to 
solidify  far  ahead  of  the  out- 
side. This  is  undesirable  be- 
cause a portion  of  the  hemi- 
sphere may  be  frozen  off  from 
the  riser,  causing  voids  to  be 
formed.  Figure  6 shows  how  the 
solidification  front  advances. 

In  our  next  design 
there  are  four  changes:  First, 
to  obtain  better  heat  transfer 
from  the  uranium  to  the  coolant, 
we  inserted  a tantalum  tube  to 
carry  the  molten  tin.  The  ura- 
nium is  assumed  to  be  in  inti- 
mate contact  with  the  tantalum. 


■N 

Figure  6. 


Results  of  simulation 
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Figure  7. 
First 

refinements. 


Low  Conductivity 
Graphite 


Tantalum  Tube 


Second,  the  graphite  channel  in  which 
the  tantalum  tube  rests  is  coated 
with  zirconium-dioxide,  a low-conduc- 
tivity flame-sprayed  material,  to  re- 
duce the  heat  flow  from  the  graphite 
to  the  coolant.  Third,  the  low-con- 
ductivity graphite  is  moved  to  the 
riser  to  help  maintain  its  tempera- 
ture. Lastly,  the  mass  of  the  mold 
is  reduced  on  the  outside  and  in- 
creased in  the  core.  This  is  to 
help  balance  the  temperature  gra- 
dient between  core  and  case,  there- 
by bringing  the  liquid-solid  inter- 
face in  the  metal  more  perpendicu- 
lar to  the  mold  walls.  Figure  7 
shows  the  resultant  design. 

Results  of  the  simu- 
lation (figure  8)  indicate  that  we 
still  have  not  done  enough  to  force 
the  heat  to  flow  through  the  metal 
to  the  coolant.  The  core  still 
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Figure  8. 

After  first  refinements. 
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cools  off  too  soon  in  comparison  to  the  mold  case,  causing  the  solidi- 
fication front  to  advance  rapidly  along  the  core. 

A study  of  heat  flow  rates  through  specific  nodes  in  the 
vicinity  of  the  tantalum  tube  shows  that  a large  amount  of  heat  is 
still  being  transferred  from  the  mold  to  the  coolant  tube  through  the 
small  contact  areas  at  the  bottom  and  top  of  the  tube.  Additionally, 
it  is  likely  that  in  an  actual  casting,  the  uranium  would  shrink  away 
from  the  tantalum  upon  solidification.  This  would  cause  a large  drop 
in  thermal  conductivity  at  the  interface. 

Our  next  design  includes  the  following  modifications  (see 

figure  9): 

1.  A layer  of  a castable  ceramic  is  placed  under  the  tanta- 
lum tube.  This  low-conductivity  material  is  to  reduce  heat  flow 
through  the  bottom  of  the  tube. 

2.  The  tantalum  tube  is  lowered  to  allow  molten  uranium  to 
flow  around  it.  This  accomplishes  two  things:  first,  the  contact  be- 
tween the  top  of  the  tube  and  the  mold  is  eliminated;  second,  the  ura- 
nium, upon  solidification,  will  shrink  around  the  tube,  reducing  the 
interface  problem. 
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The  computer  simulation  after  these  second  refinements  shows 
significantly  better  results.  The  solidification  front  advances  per- 
pendicular to  the  mold  walls  until  the  hemisphere  is  almost  entirely 
solidified.  When  the  metal  finally  does  solidify  across  the  core,  the 
rest  of  the  front  is  not  far  enough  behind  it  to  cause  any  feeding 
problems.  See  figure  10. 

Using  this  final  design  we  estimate  that  we  can  obtain,  as- 
suming 0.03-in.  machine  stock,  a hemisphere  of  2.30-in.  inside  radius, 
and  2.40-in.  outside  radius.  The  riser  has  a radius  of  0.5  in.  and  a 
height  of  1.5  in.  Table  II  compares  the  new  mold  design  with  one  that 
would  be  required  to  cast  the  same  part  using  current  methods. 

The  right  column  in  Table  II  includes  figures  for  a new  de- 
sign which,  as  this  is  written,  is  being  prepared  for  simulation.  The 
new  design  (figure  11)  is  an  attempt  to  reduce  the  amount  of  uranium 
around  the  cooling  tube.  The  tantalum  tube  is  moved  up  to  alongside 
the  base  of  the  hemisphere.  Since  the  coefficient  of  expansion  for 
tantalum  is  less  than  that  for  uranium,  the  tube  must  be  placed  in  the 
mold  core. 
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TABLE  II 


DIMENSIONS  OF  NEW  AND  OLD  MOLD  DESIGNS 


Finished 

Directional 

Proposed 

Part 

Current  Design  Solidification 

Simulation 

Dimens. 

Mold 

Dimens . 

Mold 

Dimens . 

Dimens. 

(in.) (in.3) 

(in.) 

(in.3) 

(in.) 

(in.3) 

(in.) (in.3! 

Hemisphere 

inside  radius 

2.30 

2.22 

2.27 

2.27 

outside  radius 

2.45 

2.57 

2.48 

2.48 

volume 

5.32 

12.64 

7.44 

7.44 

Riser 

radius 

1.0 

0.5 

0.5 

height 

2.0 

1.5 

1.5 

volume 

6.28 

1.18 

1.18 

Extra  Volume 

at  equator 

1.32 

8.96 

0.61 

Total  Volume  5.32 

20.24 

17.58 

9.23 

Volume  Reduction 

2.66 

11.01 

Otherwise,  the  uranium  would  shrink  away  from  the  tube.  Since  this 
works  against  the  requirement  to  reduce  the  heat  transfer  through  the 
core,  the  tube  is  encased  in  a low-conductivity  ceramic  open  only  to 
the  uranium.  This  should  direct  the  majority  of  the  heat  flow  through 
the  uranium.  Also,  the  mass  of  the  core  is  increased.  The  results  of 
this  new  simulation  are  not  available  at  the  time  of  this  writing. 
However,  previous  simulations  indicate  that  we  can  expect  this  new 
design  to  give  better  solidification  front  propagation  and  a reduced 
volume  of  uranium  in  the  coolant  area. 

CONCLUSIONS 

Directional  solidification  of  the  hemispherical  casting  has 
been  attained.  A further  reduction  of  the  heat  flow  through  the  core 
would  be  beneficial  and  should  be  attained  in  the  next  design.  This 
further  reduction,  however,  does  not  appear  essential  to  sound 
castings. 
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The  final  simulated  mold  design  saves  2.66  cubic  inches  of 
metal.  For  uranium,  that  is  817  grams  (28.8  ounces)  saved.  If  the 
new  design  works  as  expected,  the  savings  will  be  11.01  cubic  inches, 
which  is  almost  3.4  kilograms  (7.45  pounds)  These  savings  are 
significant. 

Finally,  we  have  developed  a system  for  improving  the  design 
of  molds  where  cost  and/or  complexity  makes  the  trial-and-error  method 
unfeasible.  This  system  is  by  no  means  limited  to  thin-walled  hemi- 
spherical castings.  Since  CINDA-3G  has  a three-dimensional  capability, 
virtually  any  shape  mold  can  be  simulated  and  redesigned. 
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THE  MECHANISM  OF  CORROSION  INHIBITION 
BY  DINONYLNAPHTHALENESULFONATES 


PAUL  J.  KENNEDY 

US  ARMY  MOBILITY  EQUIPMENT  RESEARCH  AND  DEVELOPMENT  COWAND 
ENERGY  AND  WATER  RESOURCES  LABORATORY 
FORT  BELVOIR,  VIRGINIA  22060 

I INTRODUCTION 

Operability  of  combat  and  combat  support  equipment  can  be 
seriously  compromised  by  rusting  of  power  train  components.  As  a 
preventative  measure,  most  lubricants  in  the  Army  supply  System  are 
rust  inhibited  Sulfonates,  such  as  the  petroleum  sulfonates  and  salts 
of  dinonylnaphthalenesulfonic  acid,  have  proven  to  be  effective  rust 
preventatives  for  Army  lubricants,  however,  their  use  is  limited  due 
to  their  high  temperature  instability  and  viscosity.  New  rust  inhib- 
itor systems  are  needed  for  formulation  into  a variety  of  fluids  such 
as  turbine  engine  oils,  aircraft  hydraulic  fluids  and  the  newer 
synthetic  nonhydrocarbon  fluids.  A basic  understanding  of  the  rust 
inhibition  mechanism  is  needed  in  order  to  accomplish  this  task  and 
to  keep  pace  with  potential  rust  problems  associated  with  advanced 
Army  systems. 

Most,  although  not  all  investigators,  believe  that  rust 
inhibition  is  the  result  of  rust  inhibitor  adsorption  on  metal 
surfaces.  Adsorption  of  a monomolecular  layer  on  the  metal  surface 
could  act  as  a barrier  toward  diffusion  of  corrodants  such  as  water 
and  oxygen  to  the  surface  and  oxidation  products  from  the  surface  (1). 
Our  previous  work  (2)  on  the  mechanism  of  rust  inhibition  indicated 
that  sulfonates  are  strongly  and  irreversibly  adsorbed  on  metal  oxide 
surfaces  and  form  close-packed  monolayers  at  low  solution  concen- 
trations. These  findings  support  a barrier-type  mechanism  for 
corrosion  inhibition,  however,  the  actual  mechanism  is  probably  of 
nuch  greater  complexity.  The  effect  of  micelles  in  bulk  solution, 
co- adsorption  of  the  base  lubricant,  competitive  effects  of  other 
additives  in  the  lubricant  system  and  chemical  modification  of  the 
base  metal  by  adsorption  needs  to  be  considered. 
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Our  present  studies  are  directed  towards  a better  understand- 
ing of  the  rust  inhibition  mechanism  through  an  investigation  of  the 
thermodynamics  associated  with  the  chemical  processes  that  occur  in  a 
typical  rust  inhibiting  system.  The  first  part  of  this  investigation 
was  concerned  with  the  competitive  adsorption  of  water  with  sulfonates 
on  iron  oxide  in  order  to  better  understand  the  corrosion  process. 

The  second  part  of  this  investigation  is  concerned  with  measuring 
the  heat  liberated  by  sulfonate  adsorption  since  this  is  a measure 
of  the  extent  of  interaction  between  the  sulfonates  and  the  metal 

oxide  substrate. 

« 

II  EXPERIMENTAL  SECTION 

Materials  used  in  this  investigation  included  sodium  dinonyl- 
naphthalenesulfonate  (Na(DNNS))  and  barium  dinonylnaphthalenesulfonate 
(Ba(DNNS)2);  cyclohexane  (J.  T.  Baker  Chemical  Company,  Instra- 
Analyzed  Grade)  was  used  as  received  and  also  as  a "dry"  solvent  by 
treatment  over  4A  molecular  sieve.  The  iron  (III)  oxide  powder  was 
of  relatively  high  purity  and  had  a surface  area  of  28  mr/g  as  deter- 
mined by  the  BET  gas  adsorption  method.  The  method  of  preparation 
for  the  sulfonates  was  previously  described  (2) . 

Information  on  the  mechanism  of  corrosion  inhibition  was 
obtained  by  use  of  a flow  microcalorimeter  (Microseal  Ltd. , England) . 
The  principal  of  operation  of  this  flow  calorimeter  is  very  similar 
to  that  of  a column  chromatograph  except  that  thermistors  are  inserted 
in  the  adsorbent  bed  to  detect  temperature  changes  due  to  either 
adsorption  or  desorption  of  material  from  the  column.  In  our  experi- 
mental work,  the  iron  oxide  powder  is  used  to  form  the  adsorbent  bed. 
In  the  continuous  flow  mode  of  operation,  the  carrier  liquid  (pure 
cyclohexane)  is  pumped  through  this  miniaturized  bed  by  special 
mircrpumps  at  a flow  rate  of  0.05  ml/min.  so  as  to  establish  tempera- 
ture equilibrium.  After  establishment  of  temperature  equilibrium,  a 
dilute  solution  of  sulfonate  in  cyclohexane  is  percolated  through  the 
adsorbent  bed  until  the  heat  effect  associated  with  adsorption  of 
sulfonate  on  iron  oxide  powder  is  dissipated.  The  flow  of  the  pure 
cyclohexane  carrier  liquid  is  then  resumed  in  order  to  measure  any 
heat  effects  associated  with  the  desorption  of  sulfonates.  In  the 
pulsed  adsorption  mode  of  operation,  small  amounts  of  dilute  sulfonate 
solution  are  periodically  injected  directly  into  the  carrier  liquid 
stream  to  determine  associated  heat  effects. 

The  heat  adsorption  of  Na(DNNS)  on  iron  oxide  was  determined 
by  using  a thermometric  titration  and  solution  calorimeter  (Tronac, 
Inc.).  Heat  of  adsorption  measurements  were  made  by  titrating  a 
suspension  of  iron  oxide  powder  in  cyclohexane  with  a dilute  solution 
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of  Na(DNNS)  in  cyclohexane  at  30°C  using  either  a 25  ml  or  50  ml 
isothermal  reaction  vessel.  This  data  was  augmented  by  ultraviolet 
analysis  of  the  post  run  supernatant  liquid  to  determine  the  extent 
of  sulfonate  adsorption  on  the  iron  oxide  powder. 

Ill  RESULTS  AND  DISCUSSION 

Water  is  a common  contaminant  in  lubricating  oils  and  would 
be  expected  to  actively  compete  for  adsorption  with  the  other 
lubricant  additives.  The  effect  of  water  can  be  complex;  it  can 
either  increase  adsorption,  decrease  adsorption  or  have  little  or 
no  effect  on  the  adsorption  of  other  additives.  For  example,  we 
had  found  that  water  adsorbed  on  nickel  oxide  can  act  as  sites  for 
additional  adsorption  of  phenol  (3)  or  it  can  effectively  block  the 
adsorption  of  other  additives  such  as  phenyl  disulfide.  In  the  case 
of  phenyl  disulfide,  room  temperature  adsorption  studies  indicated 
an  adsorption  of  only  2 to  4 Kg  of  disulfide  per  gram  of  iron  oxide 
as  received.  Moderate  drying  of  the  iron  oxide  powder  at  120°C  under 
vacuum  conditions  resulted  in  an  increased  adsorption  of  24  yg/g. 
Intensive  drying  at  350°C  resulted  in  a further  increased  adsorption 
to  172  vig/g.  In  this  latter  case  dehydroxilation  of  iron  oxide  sur- 
faces with  generation  of  highly  active  sites  not  present  on  the 
moderately  dried  sample  were  suspect.  In  the  previous  work  (3),  we 
had  found  that  sulfonate  adsorption  isotherms  were  not  noticeably 
effected  by  water  and  first  studies  were  initiated  without  considera- 
tion for  the  effect  that  drying  or  the  iron  oxide  powder  would  have 
on  experimental  results. 

Effect  of  Water 

Data  output  from  the  flow  calorimeter  is  similar  to  the  output 
from  a gas  chromatograph  in  that  detector  response  is  recorded  as  a 
function  of  time.  A typical  recorder  output  from  the  flow  calorimeter 
is  shown  in  Figure  I.  Initially,  a steady  flow  of  cyclohexane  is 
percolated  through  the  iron  oxide  column  in  order  to  achieve  a steady 
thermal  base  line  and  at  this  point,  a flow  of  dilute  Ba(DNNS),  in 
cyclohexane  is  substituted  for  the  flow  of  cyclohexane.  The  thermal 
effect  produced  by  the  adsorption  of  BA(DNNS)2  on  the  column  is 
recorded  as  a pen  deflection  corresponding  to  region  "A"  in  Figure  I. 
(Exothermic  processes  produce  a pen  deflection  in  the  -Q  direction 
and  endothermic  processes  produce  a pen  deflection  in  the  +Q  direction.) 
The  area  under  the  curve  is  directly  proportional  to  the  heat  of 
adsorption.  Flow  of  the  sulfonate  solution  is  continued  until  the 
recorder  returns  to  the  initial  thermal  base  line.  The  flow  of 
sulfonate  is  then  discontinued  and  replaced  by  a flow  of  pure  cyclo- 
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hexane  which  allows  the  measurement  of  thermal  effects  associated  with  I 

desorption.  This  cyclohexane  wash  corresponds  to  region  "B".  Regions 
"C"  and  "D"  correspond  to  additional  flow  change-overs  to  Ba(DNNS)2  j 

in  cyclohexane  and  pure  cyclohexane,  respectively. 

Data  initially  obtained  from  the  flow  calorimeter  (Figure  I) 
using  BA(DNNS) 2 as  an  adsorbate  and  iron  oxide  powder  for  the  adsorbent 
bed  was  at  first  somewhat  puzzling.  Adsorption  of  sulfonate  would  be 
expected  to  produce  an  exothermic  heat  effect  and  further  washing  ' 

with  pure  cyclohexane  should  produce  a very  slight  endothermic  heat 
effect  due  to  slight  desorption  of  sulfonate.  These  types  of  heat 
effects  were  initially  not  found,  in  fact,  the  reverse  of  these  heat 
effects  were  observed.  The  initial  work  indicated  that  sulfonate 

adsorption  produced  a slight  exothermic  heat  effect  as  would  be  > 

expected  for  sulfonate  adsorption,  however,  this  was  rapidly  over- 
shadowed by  a very  much  greater  endothermic  heat  effect  of  unknown 
origin.  Washing  with  cyclohexane  produced  an  exothermic  heat  effect 
suggesting  an  adsorption  process  rather  than  a desorption  process.  j 

Further  addition  or  sulfonate  produced  an  endothermic  heat  effect  of 
approximately  the  same  magnitude  as  was  found  during  the  previous 
cyclohexane  wash. 

The  cause  of  these  unusual  thermodynamic  effects  was  soon 
discovered.  The  solubility  of  water  in  cyclohexane  at  room  tempera- 
ture is  approximately  15  ppm  and  the  reagent  grade  cyclohexane  used 
in  this  work  contained  10  ppm  of  water.  Thus,  the  initial  flow  of 
"wet"  cyclohexane  over  the  iron  oxide  powder  column  that  was  necessary 
to  establish  temperature  equilibrium  also  produced  a water  saturated 
iron  oxide  surface.  This  suggested  a possible  explanation  for  the 
unusual  heat  effects  shown  in  Figure  I.  Region  "A"  can  be  interpreted 
as  indicating  an  exothermic  sulfonate  adsorption  process  that  is  over- 
shadowed by  an  endothermic  heat  effect  associated  with  desorption  and 
solubilization  of  water  by  sulfonate  micelles . Washing  the  sulfonate 
monolayer  with  "wet"  cyclohexane  as  in  region  "B"  indicates  an  exo- 
thermic effect  that  can  only  be  associated  with  water  adsorption 
through  the  sulfonate  monolayer.  (It  had  previously  been  shown  that 
concentrations  of  Ba(DNNS)2,  much  less  than  0.5%,  produce  close-packed 
monolayers.)  Further  addition  of  sulfonate  as  in  region  "C"  produces 
an  endothermic  heat  effect  that  again  can  be  attributed  to  solubiliza- 
tion of  adsorbed  water  by  the  micelles. 

This  possible  explanation  was  then  investigated  by  studying 
the  effect  that  drying  of  the  cyclohexane  and  sulfonate  solutions 
had  on  the  heat  of  sulfonate  adsorption.  Initial  work  involved  the 
use  of  cyclohexane  dried  over  4A  molecular  sieve  for  establishment 
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of  thermal  equilibrium  and  subsequent  washing.  No  attempt  was  made 
to  dry  the  sulfonate  solution  for  this  part  of  the  study.  This  data 
is  shown  in  Figure  II.  Region  "A"  indicates  an  exothermic  adsorption, 
region  "B"  indicates  no  desorption  or  an  extremely  slow  desorption, 
but  region  "C"  which  corresponds  to  a re-wash  of  the  adsorbed  sulfonate 
monolayer  with  sulfonate  indicates  an  exothermic  heat  effect.  This 
was  again  attributed  to  water  adsorption.  This  was  verified  by  use 
of  both  dried  solvent  and  dried  sulfonate  solution.  These  last  studies 
indicated  an  exothermic  heat  effect  in  region  "A"  and  no  heat  effects 
in  region  "B”,  "C",  and  "D".  This  particular  recorder  tracing  is  not 
shown  since  it  is  identical  in  shape  to  Figure  II  except  that  no  heat 
effect  was  observed  in  region  "C". 

Table  I quantitates  the  effect  of  water  on  sulfonate  adsorp-  \ 

tion  and  represents  data  obtained  under  the  above  described 
conditions.  It  is  interesting  to  note  that  the  net  heat  effect 
obtained  by  summing  the  heats  of  adsorption  and  desorption  is  a 

constant  independent  of  run  conditions.  1 

TABLE  I.  Effects  of  Water  on  the  Adsorption  of  Sulfonates 


Heat  of  Adsorption  for  Heat  of  Desorption  Net  Heat 
Run  No.  Na(DNNS)  on  Fe?Og  (meal)  from  Fe?Q?  (meal)  Effect  (meal) 


A. 

'Wet” 

- - ■ ■ 

Cyclohexane/ "Wet" 

1 ^ - 

Sulfonate 

Adsorption 

1 

-16.9,  +2.4 

-8.6 

-23.1 

2 

-21.7,  +5.7 

-8.2 

-24.2 

3 

-22.0,  +5.1 

-5.8 

-22.7 

4 

-19.6,  +1.8 

-5.1 

-22.9 

B. 

"Dry" 

Cyc lohexane/ ' 'Wet' ' 

Sulfonate 

Adsorption 

5 

-58.2 

+ — 

— 

6 

-62.0 

+42.7 

-19.3 

7 

-55.0 

+ 

— 

C. 

"Dry" 

Cyc  1 ohexrjie/ ' 'Dr/ ' 

Sulfonate 

Adsorption 

8 

-22.7 

N.D. 

-22.7 

9 

-23.3 

N.D. 

-23.3 

10 

-23.2 

N.D. 

-23.2 

11 

-22.5 

N.D. 

-22.5 

( 
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These  unusual  results  indicate  some  of  the  complexities 
involved  in  the  rust  inhibition  mechanism.  It  had  previously  been 
reported  that  sulfonates  are  strongly  and  irreversibly  adsorbed  to 
form  close-packed  monolayers  at  solution  concentrations  significantly 
less  than  used  in  this  work  (2).  The  irreversible  nature  of  sulfonate 
adsorption  is  verified  by  results  under  condition  "C"  of  Table  I. 

This  strongly  suggests  that  water  is  the  chemical  species  that  is 
being  either  adsorbed  or  desorbed  under  the  other  test  conditions. 

For  Run  Nos.  1-4,  we  are  dealing  with  an  initially  water  saturated 
surface  and  the  endothermic  heat  effect  is  most  probably  the  result 
of  water  solubilization  in  the  sulfonate  micelles.  In  the  second 
series  of  experiments  (Run  Nos.  5-7)  we  are  dealing  with  an  initially 
dry  surface  and  the  large  exothermic  heat  effect  suggests  co-adsorption 
of  water  with  the  sulfonate.  This  type  of  behavior  could  be  explained 
by  assuming  that  an  equilibrium  exists  between  adsorbed  water  and 
micellar  water  and  that  the  direction  of  this  equilibrium  is  deter- 
mined by  the  amount  of  adsorbed  water  initially  on  the  metal  surface. 
Thus,  in  a dry  system,  water  solubilization  in  the  sulfonate  micelle 
might  be  considered  as  the  first  step  in  the  corrosion  inhibition 
mechanism. 

Another  factor  that  needs  to  be  considered  is  the  unusual 
shape  of  the  sulfonate  molecule.  This  molecule  is  umbrella  shaped 
and  is  quite  bulky  (ca.  100  Az/molecule)  and  would  thus  be  expected 
to  interact  with  only  a relatively  few  of  the  metal  oxide  sites  capable 
of  adsorption  even  in  keeping  with  the  formation  of  close-packed  mono- 
layers.  This  would  explain  the  ability  of  small  water  molecules  to 
penetrate  the  sulfonate  monolayer  and  adsorb  on  the  metal  oxide  surface. 
It  is  reasonable  to  assume  that  these  sites  would  be  available  to  inter- 
act with  the  hydrocarbons  of  the  bulk  lubricant  and  would  thus  explain 
the  influence  of  the  structure  of  the  bulk  lubricant  on  the  mechanism 
of  corrosion  inhibition. 

The  effect  of  trace  amounts  of  water  on  the  adsorption  process 
is  illustrated  in  Figure  III.  In  this  work,  Na(DNNS)  in  cyclohexane 
is  stored  over  molecular  sieve  in  order  to  prevent  water  adsorption 
from  the  atmosphere.  The  syringe  used  to  inject  the  Na(DNNS)  into  the 
carrier  stream  is  usually  freshly  loaded  before  the  start  of  the  run. 

In  Figure  III,  the  first  four  injections  were  from  a Na(DNNS)  solution 
that  was  allowed  to  stand  overnight  in  the  syringe.  After  the  fourth 
injection  of  sulfonate,  fresh  Na(DNNS)  solution  was  drawn  into  the 
syringe  and  used  for  the  remaining  injections.  It  appears  that  the 
amount  of  water  in  the  micelle,  the  degree  of  dryness  of  the  cyclo- 
hexane and  the  amount  of  water  on  the  metal  oxide  surface  determine  to 
a great  extent  the  "apparent"  heat  effect  associated  with  adsorption. 
This  complex  water  equilibrium  is  probably  the  key  to  the  understanding 
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of  why  sulfonates  are  effective  in  some  base  fluids  and  not  in  others. 
Heat  of  Adsorption 

Analysis  of  data  obtained  by  thermometric  titration  of 
suspended  Fe203  in  cyclohexane  with  Na(DNNS)  can  be  difficult  since 
total  heats  evolved  ('0.3  cal)  are  small  compared  to  other  potential 
side  reactions.  A program  has  been  written  to  reduce  the  effect  of 
any  initial  spurious  heat  effects  and  to  facilitate  data  reduction. 
Typical  titration  data  as  obtained  from  the  solution  calorimeter  is 
shown  in  the  bar  graph  (Figure  I) . The  curved  line  in  this  graph 
represents  the  heat  that  would  be  evolved  for  a theoretical  Langmuir 
adsorption  with  AH,  K2  and  "a"  equal  to  9 Kcal/mole,  1.05  x 104  liter/ 
mole  and  0.32  y mole/m^,  respectively.  The  fit  of  the  theoretical 
curve  to  all  parts  of  the  bar  graph  is  good.  Although  the  adsorption 
constants  obtained  from  the  solution  calorimeter  indicate  strong 
adsorption  and  close-packing,  these  values  are  somewhat  lower  than 
previously  reported  (2) . 

Initial  work  indicated  a relatively  large  uncertainty  in  the 
measured  value  for  the  heat  of  adsorption  of  sulfonates  on  iron  oxide 
powder.  In  order  to  reduce  this  uncertainty,  work  was  done  on  the 
effect  of  various  parameters  (e.g.,  the  weight  of  iron  oxide  powder 
and  effect  of  water)  on  the  measured  heat  of  adsorption.  Heats  of 
adsorption  measurements  on  iron  oxide  powder  dried  under  vacuum  at 
120°C  were  not  highly  reproducible.  Chi  the  other  hand,  experiments 
with  iron  oxide  powder  that  were  not  subjected  to  drying  gave  very 
reproducible  results.  However,  the  measured  heat  of  adsorption 
decreased  with  the  weight  of  iron  oxide  powder.  This  effect  can  be 
seen  in  Figure  V. 

The  graph  shows  the  amount  of  heat  liberated  (meal)  during 
the  titration  of  various  weights  of  iron  oxide  powder  in  25  ml  of  dry 
cyclohexane  with  a 0.0321  m solution  of  sodium  dinonylnaphthalene- 
sulfonate.  In  Figure  V,  the  solid  lines  represent  actual  data  points 
and  the  dashed  lines  (e.g.,  1.0  and  0.5  g run)  are  straight  line 
extensions  of  the  initial  slopes.  At  the  start  of  these  thermometric 
titrations,  nearly  all  sulfonate  molecules  are  adsorbed.  As  the 
surface  coverage  increases,  the  fraction  of  sulfonate  molecules  that 
adsorb  on  the  iron  oxide  powder  decreases  and  this  results  in  a general 
falling  off  of  the  heat  evolved  with  respect  to  ml  titrated.  This 
can  be  seen  in  Figure  V for  the  1.0  and  0.5  g samples.  If  all  mole- 
cules were  adsorbed,  then  the  experimental  points  would  be  expected 
to  lie  on  the  dashed  lines.  The  initial  slope  in  this  type  of  plot 
(heat  evolved/amount  adsorbed)  would  be  equal  to  the  heat  of  adsorp- 
tion and  should  be  completely  independent  of  the  amount  of  iron  oxide 
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powder  used  in  the  experiment.  This  is  obviously  not  true  in  this 
experimental  work.  Calculated  heats  of  adsorption  were  8.5,  8.2, 

7.8,  7.1,  3.9,  and  2.1  Kcal/mole  for  2.5,  2,  1.5,  1,  0.5,  and  0.25 
gram  samples. 

This  unusual  effect  can  be  attributed  to  an  endothermic 
heat  effect  (associated  with  water  desorption)  that  occurs  along 
with  the  exothermic  heat  effect  associated  with  sulfonate  adsorption. 
According  to  competitive  adsorption  theory,  the  concentration  of  water 
and  sulfonate  in  solution  are  dependent  on  the  fraction  of  the  total 
surface  covered  by  sulfonate  molecules  and  this  would  fully  account 
for  this  unusual  effect.  This  hypothesis  can  be  tested  by  assuming 
that  the  actual  measured  amount  of  heat  (CL.)  is  equal  to  the  exo- 
thermic heat  of  adsorption  (Qg)  and  the  endothermic  heat  associated 
with  water  desorption  (Q^) . 

Qm  = Qa  " Qd  (1) 

Dividing  both  sides  of  equation  (1)  by  grams  of  adsorbent  (g),  we 
have: 


%/g  = Qa/g  - Qd/g  (2) 

If  equation  (2)  is  valid,  a plot  of  (^/g  vs  1/g  should  give  a straight 
line  having  an  intercept  of  CL/g  and  a slope  of  Q^.  A plot  of  experi- 
mental data  according  to  equation  (2)  is  shown  in  Figure  VI  for  a 
surface  coverage  value  of  19.3  y moles/g.  This  plot  indicates  that 
the  true  heat  of  sulfonate  adsorption  is  10.1  Kcal/mole. 

IV  CONCLUSIONS 

Previous  studies  (2,3)  have  indicated  that  sulfonates  are 
strongly  adsorbed  on  metal  oxide  powders.  This  work  supports  this 
previous  finding  in  that  a large  heat  of  adsorption  was  found  (10.1 
Kcal/mole)  for  sulfonate  adsorption  on  iron  oxide  powder.  This 
indicates  a relatively  strong  interaction  between  sulfonate  and  the 
metal  oxide  surface.  This  work  also  pointed  out  other  areas  that 
need  consideration  for  possible  interpretation  of  the  mechanism  of 
corrosion  inhibition.  Other  types  of  rust  inhibitors  (e.g.,  long 
chained  organic  acids)  have  molecular  dimensions  that  approximate 
the  spacing  of  sites  on  the  metal  oxide  surface,  however,  salts  of 
dinonylnaphthalenesulfonic  acid  have  an  unusual  umbrella-like  shape 
and  are  quite  bulky  by  comparison  having  molecular  areas  ranging  from 
200A2  to  125  AZ  at  40  dyn/cm  (4,5).  Thus,  sulfonate  molecules  will 
interact  with  only  a relatively  few  of  the  sites  available  for 
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adsorption.  This  would  explain  the  ability  of  the  small  water 
molecules  to  penetrate  the  sulfonate  monolayer  and  adsorb  on  these 
free  sites.  It  appears  that  in  dry  systems,  water  absorption  in 
the  micelle  is  favored  over  adsorption  on  the  metal  surface  and  that 
this  factor  would  also  tend  to  inhibit  the  corrosion  process.  The 
cyclohexane  molecule  is  apparently  too  sterically  hindered  or  lacking 
in  adequate  polarity  to  interact  with  these  sites.  A facile  equili- 
brium between  surface  water  and  micellar  water  was  indicated.  In 
actual  corrosion  inhibiting  systems,  the  solvent  is  normally  an  oil 
containing  polar  components  and  it  would  be  expected  that  these  polar 
components  would  be  capable  of  interacting  with  these  "free"  sites 
which  would  tend  to  block  this  water  equilibrium  process. 
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A 0.5%  Ba  (DNNS)2  in  C6H2 
B C6H12  with  0.01%  H20 
C 0.5%  Ba  (DNNS)2  in  C6  H12 
D C6H12  with  0.01%  H20 

Figure  I.  Adsorpti  r;  of  Ba  (DNNS)2  on  Fe203  with  "wet"  C6HJ2 


Figure  II.  Adsorption  of  Ba  (DNNS)2  on  Fe203  with  "dry"C6H12 
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Figure  IV.  Thermometric  Titration  of  Fe203  with  Na  (DNNS) 
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Hardness  levels  of  shallow-buried  structures  for  vulnerabil- 
ity studies  are  primarily  obtained  from  calculations  using  an  undamped 
single-degree-of- freedom  (SDOF)  elastic-plastic  model.  Recent  and  past 
tests  on  buried  structures  have  shown  that  the  response  has,  in 
general,  been  overpredicted  by  both  the  SDOF  model  and  by  more  exact 
analyses.  In  fact,  no  fully  buried  concrete  structure  has  collapsed 
when  exposed  to  simulated  or  actual  nuclear  airblast  loading,  with  a 
number  of  structures  retaining  their  protective  capability  at  over- 
pressures higher  than  their  predicted  collapse  load. 

Accurately  predicting  the  response  of  a buried  structure  is 
complicated  by  the  fact  that  the  actual  loading  on  the  structure  is 
determined  in  a complex  manner  by  the  response  of  the  structure. 

Unlike  the  loads  normally  assumed  in  the  analysis  of  surface  struc- 
tures, which  are  essentially  unchanged  by  structural  deformations,  the 
loads  acting  on  a buried  structure  are  extremely  sensitive  to  rela- 
tively small  structural  deformations.  The  differences  in  experimental 
results  and  calculations  are  attributed  to  insufficient  knowledge  of 
the  load  distribution  acting  on  the  buried  structure  and  neglection  of 
the  influence  of  damping  that  results  from  structural  deformation, 
hysteresis  in  soils,  stress  wave  radiation  into  the  soil,  and  shear 
friction  at  the  soil-structure  interface. 

The  Weapons  Effects  Laboratory  at  the  U.  S.  Army  Engineer 
Waterways  Experiment  Station  (WES)  has  recently  been  conducting  tests 
and  analyses  of  shallow-buried  structures  to  determine  the  influence  of 
soil  cover  on  the  load  transmitted  to  the  structure,  their  static  resis- 
tance and  ductility,  and  their  failure  modes  under  static  and  dynamic 
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loading.  Results  of  this  program  are  being  used  to  evaluate  and  modify 
the  SDOF  model  for  vulnerability  analysis. 

This  paper  summarizes  the  results  from  three  tests  conducted 
on  reinforced-concrete  box-type  structures  and  discusses  the  implica- 
tions of  these  test  results  on  current  vulnerability  calculations. 

Static  Test  Results.  The  objective  of  the  static  test  was  to 
experimentally  determine  the  load-deflection  behavior  of  the  buried 
structure  and  to  examine  the  soil-structure  interaction  phenomena  up  to 
the  point  of  structural  collapse.  The  test  was  conducted  in  the  Large 
Blast  Load  Generator  Facility  located  at  the  WES,  Vicksburg,  MS.  The 
structure  was  placed  in  the  facility  and  covered  with  sand  to  a depth 
of  1 foot.  A rubber  membrane  was  then  placed  over  the  surface  of  the 
sand,  and  water  was  pumped  in  to  slowly  apply  pressure  to  the  soil- 
structure  system  until  failure  occurred. 

The  test  structure  was  of  reinforced-concrete  slab  type  con- 
struction where  the  roof,  floor,  and  wall  slabs  had  span-to-depth 
ratios  of  10.  The  structure  was  8 feet  long  by  2 feet  high  by  2 feet 
wide  (inside  dimensions).  The  overall  wall  thickness,  including  0.5 
inches  of  concrete  cover  on  the  reinforcing  steel,  was  2.9  inches. 
Principal  reinforcing  was  1 percent  tension  and  1 percent  compression 
with  approximately  1.5  percent  shear  reinforcement. 

Figure  1 shows  the  load-deflection  curve  for  the  soil- 
structure  system.  The  static  water  pressure  is  plotted  on  the  vertical 
axis,  and  the  roof  deflection  at  the  center  of  the  structure  is  plotted 
on  the  horizontal  axis.  The  maximum  pressure  sustained  by  the  soil- 
structure  system  was  about  6k0  psi.  However,  the  maximum  flexural 
capacity  for  the  two-way  roof  slab  assumed  rigidly  fixed  at  all  edges, 
is  a uniform  pressure  of  107  psi  (Reference  l). 

Pf  = 107  psi  (1) 

Soil  arching,  defined  as  the  ability  of  a soil  to  transfer 
loads  from  one  location  to  another  in  response  to  a relative  displace- 
ment between  locations,  is  primarily  responsible  for  the  increase  in 
capacity  from  107  psi  to  6U0  psi.  Embedded  structures  that  are  much 
stiffer  than  their  surrounding  medium  will  tend  to  attract  load.  On 
the  other  hand,  stresses  will  be  diverted  away  from  or  around  embedded 
structures  that  are  less  stiff  than  their  surrounding  medium.  The 
redistribution  of  load  is  called  "passive  arching"  when  the  structure 
is  loaded  above  the  free-field  stress  and  "active  arching"  when  the 
stresses  on  the  structure  are  less  than  the  free-field  stress.  An 
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excellent  discussion  of  the  soil  arching  phenomena  can  be  found  in 
Reference  2. 

I 


Figure  1.  Resistance  curves  for  the  soil-structure  system. 

The  pressure  acting  on  the  roof  and  side  of  the  structure 
when  the  water  pressure  was  6U0  psi  is  shown  in  Figure  2.  This  inter- 
face pressure  distribution  was  approximated  by  fitting  a parabola 
through  data  taken  from  interface  pressure  gages  located  at  each  edge 
of  the  roof,  the  center  of  the  roof,  the  top  of  the  sidewall,  and  the 
center  of  the  sidewall.  Passive  arching  over  the  relatively  stiff 
walls  of  the  structure  has  acted  to  increase  the  pressure  to  over 
800  psi  (calculated  by  extrapolating  the  parabola).  However,  active 
arching  over  the  flexible  center  of  the  roof  has  decreased  the  pressure 
to  approximately  100  psi.  This  shift  of  pressure  away  from  the  center 
of  the  span  toward  the  supports  effectively  decreases  the  maximum 
bending  moment  in  the  structure,  and  can  significantly  increase  the 
resistance  of  the  structure  to  the  applied  overpressure. 

Inplane  forces  produced  by  lateral  earth  pressure  is  partly 
responsible  for  the  increased  structural  capacity.  From  Figure  2, 
the  thrust  in  the  roof  is  2800  lb/in.  The  moment-thrust  interaction 
diagram  shown  in  Figure  3 was  computed  using  a representative  cross 
section  of  the  roof  slab.  At  2800  lb/in.  of  thrust,  the  moment 
necessary  to  form  a hinge  is  approximately  5800  in. -lb/in.  Therefore, 
the  uniform  pressure  required  to  fail  the  roof,  i.e.,  to  form  hinges 
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Figure  2.  Interface  pressure 
distribution  at 
maximum  surface 
pressure. 


Figure  3.  Moment-thrust  interaction 
diagram. 


at  each  support  and  the  center  of  the  roof,  is  160  psi.  Thus,  the 
flexural  capacity  of  the  roof  including  inplane  forces  is  l60  psi. 


In  order  to  compare  the  computed  capacity  to  the  maximum 
pressure  actually  sustained  by  the  roof,  an  "equivalent"  uniform  load 
will  be  computed  based  on  similar  moment  distributions.  From  Figure  2, 
the  fixed-end  moment  produced  by  the  parabolic  pressure  distribution  on 
the  roof  is  approximately  9600  in. -lb/in.  This  exceeds  the  moment 
capacity  of  5800  in.-lb/in.  computed  from  the  moment-thrust  interaction 
diagram  in  Figure  3.  Therefore,  assume  hinges  have  been  formed  at  each 
side  of  the  roof  and  the  moment  at  each  hinge  is  5800  in.-lb/in.  The 
moment  at  the  center  of  the  roof  in  Figure  2 necessary  to  maintain 
equilibrium  under  these  conditions  is  7^00  in.-lb/in.  The  "equivalent" 
uniform  load  that  will  produce  moments  of  5800  in.-lb/in.  at  each  end 
and  7^00  in.-lb/in.  at  the  center  of  the  roof  is  183  psi.  Clearly,  the 
inplane  loading  did  act  to  increase  the  ultimate  capacity.  However, 
the  redistribution  of  the  pressure  on  the  roof  due  to  soil  arching  is 
primarily  responsible  for  increasing  capacity  from  the  107  psi  in 
Equation  1 to  the  measured  640-psi  peak  pressure. 

Most  "first-cut"  design  and  targeting  analysis  procedures  are 
based  on  an  undamped  SD0F  model  using  a bilinear  resistance  function. 
The  bilinear  resistance  for  the  soil- structure  system  as  approximated 
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from  the  experimental  load-deflection  data  is  shown  in  Figure  1. 

Elastic  behavior  is  assumed  up  to  a deflection,  , and  fully  plastic 

behavior  is  then  assumed  until  failure  at  the  maximum  deflection,  Y 

m 

The  ductility  y is  defined  by  y = Ym/Ye  • From  Figure  1,  the 
ductility  is  about  9- 

A standard  calculation  for  the  ductility  involves  calculating 
the  elastic  deflection  and  assuming  a maximum  deflection.  The  elastic 
deflection  is  a function  of  the  slope  of  the  elastic  portion  of  the 
resistance  function,  i.e.,  its  stiffness,  and  the  ultimate  static 
capacity,  i.e.,  the  pressure  at  the  onset  of  plastic  deflection.  From 
Biggs  (Reference  3),  the  effective  stiffness  of  a fixed-fixed  beam  of 
unit  width  representing  the  roof  slab  is 

K = 3°?EI  = 2650  psi/in. 
e L 

where  I is  the  average  moment  of  inertia  for  cracked  and  uncracked 
sections.  From  Equation  1,  the  flexural  capacity  of  the  roof  is  about 
107  psi.  Thus,  the  elastic  deflection,  Yg  = P^/K^  = O.OU  in.  If  a 

failure  deflection  of  6 inches  is  assumed,  then  the  ductility  is  150. 
Clearly,  defining  a "failure  ductility"  can  be  very  difficult.  Unfor- 
tunately, most  vulnerability  analyses  currently  define  failure  in  terms 
of  ductility. 

In  Reference  4,  Cooper  suggests  defining  failure  in  terms  of 
specific  energy  absorbed  to  failure  and  shows  that,  if  e = constant 
is  taken  as  a measure  of  failure,  then  y and  T (or  y and  K)  are 
related  by 

yT^  = constant 


or 


y/K  = constant 

where  T is  the  natural  period  and  K is  the  stiffness.  Therefore, 
if  a given  ductility  is  defined  as  failure,  then  errors  in  T or  K 
can  lead  to  significant  errors  in  failure  estimates. 

Dynamic  Test  Results.  Two  high- explosive  (HE)  simulation 
tests  were  conducted.  The  first  experiment  used  21-pound  spheres  of 
TNT  buried  to  midstructure  depth  to  simulate  the  explosive  effect  of  a 
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5000-pound  general  purpose  bomb  penetrating  the  soil  overburden  and 
exploding  at  midstructure  depth.  The  second  experiment  employed  a 
foam  HEST  (high-explosive  simulation  technique)  test  to  simulate  the 
overpressure  from  a 1-kt  nuclear  device  at  the  2000-psi  overpressure 
range. 


Both  tests  employed  identical  model  structures  which  were 
twice  the  scale  of  the  model  used  in  the  static  test.  They  were 
reinforced-concrete  slab-type  models  with  roof,  floor,  and  wall  span- 
to-depth  ratios  of  10.  The  structures  were  1 6 feet  long  by  h feet  high 
by  4 feet  wide  (inside  dimensions).  The  overall  wall  thickness, 
including  0.8  inches  of  cover  on  the  reinforcing  steel,  was  5-6  inches. 
Principal  reinforcing  steel  was  1 percent  tension  and  1 percent  com- 
pression with  approximately  1.5  percent  shear  reinforcement.  These 
models  are  approximately  1/4-scale  models  of  a typical  hardened  shallow- 
buried  structure.  A more  complete  description  of  the  model  structure, 
including  construction  drawings,  is  given  in  Reference  5. 


21-Pound  HE  Test  Results.  The  model  structure  was  covered  to 
a depth  of  2 feet  for  the  test.  Three  21-pound  spherical  TNT  charges 
were  used.  The  charges  were  buried  to  midstructure  depth  and  detonated 
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Figure  4.  Test  configuration  for 
21-pound  HE  test. 


at  8 feet,  6 feet,  and  4 feet  from 
the  structure  wall.  A schematic 
drawing  of  the  test  configuration 
is  shown  in  Figure  4.  No  damage 
resulted  from  the  charge  at 
8 feet.  With  the  charge  at 
6 feet , flexural  cracking  occurred 
but  no  measurable  permanent 
deflection  of  the  wall  could  be 
found.  The  test  at  4 feet  was 
conducted  on  the  opposite  side  of 
the  structure  on  the  undamaged 


wall.  Structural  damage  resulting  from  the  detonation  at  4 feet  is 
shown  in  Figure  5.  Posttest  measurements  indicated  approximately  10.5 
inches  of  permanent  deflection  at  the  center  of  the  wall.  There  were 
no  interface  pressure  records  obtained  in  this  experiment;  however,  the 
pressure  record  measured  at  the  soil-structure  interface  in  a test 
using  an  identical  HE  charge  in  the  same  soil  on  a structural  model 
with  13-inch-thick  walls  is  given  in  Figure  6 and  will  be  used  in  the 
SDOF  analysis. 


HEST  Test  Results.  The  foam  HEST  used  in  this  study  can 
accurately  simulate  the  overpressure  component  of  the  airblast  gener- 
ated by  a nuclear  detonation.  This  test  allows  a large  area  to  be 
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Figure  5.  Structural  damage  from  a 21-pound  TNT  subsurface 
detonation  at  1*  feet  from  the  wall. 
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Figure  6.  Soil-structure  interface  pressure  from  a 21-pound 

TNT  subsurface  detonation  at  1+  feet  from  a rigid  wall. 

exposed  to  a uniform  pressure  level  and  gives  pressure  durations  long 
enough  to  simulate  the  impulse  associated  with  a nuclear  event. 
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The  foam  HEST  configuration  used  for  this  test  is  shown  in 
Figure  7.  The  6-inch  charge  cavity  is  filled  with  Styrofoam  and  evenly 
distributed  strands  of  detonating  chord.  A charge  density  of  0.91^ 
pound  of  explosive  per  square  foot  was  used  to  produce  a peak  pressure 
of  approximately  2000  psi,  and  the  overburden  of  32  inches  of  uncom- 
pacted native  soil  was  designed  to  confine  the  blast  long  enough  to 
simulate  the  pressure  duration  associated  with  a 1-kt  nuclear  device. 


Figure  7.  Foam  HEST  test  configuration. 

The  airblast  measured  at  ground  level  beneath  the  charge 
cavity  is  shown  in  Figure  8. 
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Figure  8.  Foam  HEST  airblast. 

Interface  pressures  measured  on  the  structure  are  shown  in 
Figure  9.  Note  that  the  initial  peak  pressure  is  approximately  1200 
psi  at  each  edge  of  the  roof  (Gages  IF1  and  IF3)  and  at  the  center  of 
the  roof  (Gage  IF2).  However,  the  pressure  at  the  flexible  center  of 
the  roof  is  quickly  reduced  to  zero  and  remains  at  zero  for  the  dura- 
tion of  the  airblast  load.  This  indicates  that  the  soil  arching 
phenomena  so  important  in  the  static  test  can  be  equally  important  in 
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the  case  of  dynamic  loading.  Structural  damage  from  the  HEST  event  was 
a 0.5-inch  permanent  deflection  at  the  center  of  the  roof  with  exten- 
sive tensile  cracking  of  the  concrete  in  the  roof.  Damage  to  the  floor 
of  the  structure  was  very  similar  to  the  roof. 


IF5 


i is  to  ts  so  is 

TIME.  MSEC 


Figure  9.  Foam  HEST  interface  pressure  records. 

Analysis  and  Discussion  of  Results.  It  is  assumed  that  the 
reader  is  familiar  with  the  dynamic  analysis  of  structures  using  a SDOF 
model.  The  essential  elements  of  the  SDOF  model  are  an  equivalent  mass 
and  resistance  and  a damper.  Methods  for  calculating  these  parameters 
are  given  in  References  1 and  3.  The  resistance  may  he  either  a linear 
or  nonlinear  spring  and  is  normally  approximated  as  a bilinear  repre- 
sentation of  the  static  resistance  for  the  structure  or  structural 
element  being  analyzed. 

21-Pound  HE  Test  Analysis.  The  resistance  function  shown  in 
Figure  10  was  approximated  from  the  static  test  results  shown  in 

Figure  1.  The  elastic  deflec- 
tion in  Figure  1 was  taken  as 
0.85  inch  and  doubled  because 
the  static  test  structure  was  a 
1/2- scale  model  of  the  structure 
used  in  the  21-pound  HE  test. 

The  ultimate  capacity  of  the 
structure  as  computed  using  the 
procedures  in  Reference  9 is  128 
psi.  The  128-psi  resistance 
includes  some  inplane  loading 
but  ignores  soil  arching  and  was 
used  for  the  SDOF  analysis 


A DEFLECTION,  IN. 

Figure  10.  Resistance  function  for 

21-pound  HE  test  analysis. 
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Figure  11.  SDOF  analysis  results  for 
21-pound  test. 


shown  in  Figure  11. 
The  percent  numbers 
shown  are  the  percent 
of  critical  damping 
in  the  SDOF  model. 
Critical  damping  is 
defined  as  the  mini- 
mum amount  of  damping 
for  which  no  oscil- 
lations will  occur 
under  free  vibration. 
The  dynamic  loading 
used  for  this  anal- 
ysis is  shown  in 
Figure  6.  Discussion 
of  the  results  in 
Figure  11  will  be 
combined  with  the 
discussion  of  the 
foam  HEST  test 
analysis  below. 


Foam  HEST  Test  Analysis.  Since  the  surface  loading  from  the 
foam  HEST  is  a uniform  load  similar  to  the  static  load,  it  is  assumed 
that  the  soil-structure  interaction  phenomena  will  be  similar.  This 
assumption  will  allow  the  use  of  the  resistance  function  developed  in 
the  static  test  and  shown  as  a dotted  line  in  Figure  1 to  be  used  for 
the  SDOF  analysis.  Note  that  the  displacement  scale  must  be  doubled 
because  the  static  test  structure  was  a 1/2-scale  model  of  the  HEST 
test  structure.  The  loading  function  for  this  analysis  is  the  surface 
airblast  loading  shown  in  Figure  8.  Results  of  the  SDOF  analysis  are 
given  in  Figure  12.  The  elastic -plastic  calculation  with  no  damping  is 
not  included  in  Figure  12  because  it  gave  a 6-inch  maximum  deflection 
and  could  not  conveniently  be  included  on  the  same  graph. 

Discussion  of  Results.  The  results  presented  in  Figures  11 
and  12  both  indicate  the  current  vulnerability  model,  the  undamped  SDOF 
model,  significantly  overpredicts  the  structural  response  from  both 
conventional  and  nuclear  type  blast  loadings.  Recent  experimental 
results  (Reference  6)  and  calculational  results  (References  7 and  8) 
have  indicated  that  20  to  25  percent  of  critical  damping  is  appropriate 
for  this  structure  in  the  buried  configuration.  The  results  in 
Figures  11  and  12  indicate  that  the  20  percent  damped  SDOF  model  can 
accurately  predict  the  structural  response.  It  is  important  to  realize 
that  soil  arching  and  inplane  loading  were  accounted  for  in  the  foam 
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Figure  12.  SDOF  analysis  results 
for  foam  HEST  test. 


calculations  represented  in  Figure  13, 
of  roof  deflection  (1*  times  the  deflec 
test) . 


HEST  analysis  by  using  the 
static  resistance  function  in 
Figure  1 for  the  soil-structure 
system. 

Figure  13  quantitatively 
compares  the  results  from  the 
experiments  discussed  in  this 
report  to  calculations  based  on 
the  most  current  vulnerability 
manual  available  (Reference  9)- 

The  results  presented  in 
Figure  13  are  based  on  calcu- 
lations for  a full-scale  struc- 
ture with  inside  dimensions 
16  feet  by  16  feet  by  6U  feet 
with  walls,  roof,  and  floor  23 
inches  thick  (19.2  inches 
effective  depth).  The  compres- 
sive strength  of  the  concrete 
was  5200  psi,  the  yield  strength 
of  the  reinforcement  steel  was 
72,000  psi,  and  tension  and 
compression  reinforcement  were 
each  1 percent.  The  structure 
was  buried  8 feet  deep.  For  all 
failure  was  taken  to  be  40  inches 
;ion  measured  in  the  21-pound  HE 


The  high  shear  strength  soil  curve  in  Figure  13  was  obtained 
from  a 20  percent  damped  SDOF  model  assuming  the  same  soil  arching  and 
inplane  loading  as  would  be  expected  in  a static  loading,  i.e.,  using 
the  resistance  function  in  Figure  1 with  the  displacement  scaled  by  U. 
The  zero  shear  strength  curve  represents  a model  with  no  soil  arching 
protection  provided,  ultimate  capacity  as  computed  from  Reference  9 at 
128  psi,  damping  at  20  percent  of  critical,  and  elastic  deflection 
k x 1.7  inches  from  Figure  10. 

The  curve  labeled  current  vulnerability  calculations  in 
Figure  13  is  based  on  the  SDOF  model  recommended  in  Reference  9 with 
maximum  resistance  equal  128  psi.  This  model  includes  modifying  the 
period  to  account  for  soil  cover,  and  applying  inplane  forces  to 
account  for  lateral  earth  pressure.  Calculation  for  the  roof  load 
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includes  attenuation  of  the  overpressure  with  depth;  however. 
Reference  9 includes  no  damping  and,  for  shallow  depths  of  burial 
soil  arching. 
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Figure  13.  Current  vulnerability  calculations  compared  to 

calculations  using  a damped  SDOF  model  including 
soil-structure  interaction. 

As  an  example  use  for  the  curves  in  Figure  13,  consider  the 
HEST  test  results  described  above.  The  HEST  test  structure  is  a 1/h- 
scale  model  of  the  structure  calculated  in  Figure  13.  Using  cube  root 
scaling  (charge  weight  scales  like  the  cube  of  length),  the  1-kt  weapon 
simulated  in  the  HEST  test  scales  to  a 6U-kt  weapon  in  Figure  13.  The 
current  vulnerability  calculations  curve  indicates  failure  ( 40  inches 
of  roof  deflection)  will  occur  at  350  psi.  The  20  percent  damped  SDOF 
model  with  no  soil  arching  indicates  failure  at  about  900  psi.  The 
experimental  results  from  the  HEST  test  at  2000  psi  produced  2 inches 
of  roof  deflection  (0.5  inch  times  the  scale  factor  of  M,  and  the 
20  percent  damped  SDOF  model  including  maximum  soil  arching  indicates 
failure  at  the  8500-psi  overpressure  range  from  a 61+-kt  weapon.  Based 
on  HEST  test  results,  no  damage  would  be  expected  at  an  overpressure 
of  350  psi  and  yet  the  best  available  vulnerability  analysis  manual 
predicts  complete  structural  collapse  at  350  psi I Clearly  the  vulner- 
ability analysis  model  used  for  shallow-buried  structures  needs  some 
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modification.  Results  from  the  test  described  in  this  report  suggest 
that  a damped  SDOF  model  can  adequately  predict  the  response  of 
shallow-buried  structures  to  blast  loads  provided  the  soil-structure 
interaction  is  accounted  for  when  computing  the  loads  on  the  buried 
structure. 

Conclusions 


1.  During  the  static  test,  inplane  forces  in  the  roof  slab  produced 
by  lateral  soil  pressure  increased  the  ultimate  capacity  of  the  struc- 
ture from  107  psi  to  approximately  180  psi. 

2.  The  redistribution  of  pressure  acting  on  the  roof  of  the  structure 
caused  by  soil  arching  in  the  static  test  effectively  increased  the 
capacity  of  the  soil-structure  system  to  640  psi. 

3.  The  ductility  of  the  structure  as  calculated  from  the  load- 
deflection  curve  from  the  static  test  was  approximately  9*  However, 
the  ductility  is  approximately  150  when  calculated  using  the  measured 
6-inch  maximum  roof  deflection  from  the  static  test  and  computing  the 
elastic  deflection  from  standard  design  text.  Ductility  is  not  a good 
parameter  to  use  to  define  failure  when  large  plastic  deformations  are 
involved. 

4.  Soil  arching  can  be  ignored  when  computing  structural  loads  from 
the  localized  HE  burst  associated  with  conventional  weapons.  However, 
soil  arching  can  significantly  reduce  the  loads  on  a buried  structure 
when  the  loading  is  produced  by  plane  waves  such  as  those  associated 
with  nuclear  airblast.  As  indicated  in  Figure  13,  the  increased 
capacity  due  to  soil  arching  may  be  as  much  as  a factor  of  10. 

5.  The  SDOF  model  for  calculating  the  dynamic  response  of  shallow- 
buried  structures  should  be  damped  at  approximately  20  percent  of 
critical.  Then,  if  soil  arching  and  inplane  forces  due  to  lateral 
earth  pressure  are  adequately  accounted  for  in  computing  the  loads  on 
the  structure,  the  damped  SDOF  model  can  accurately  predict  the  struc- 
tural response  from  blast  loads. 
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Recent  demands  for  a very  high  resolution  radar  in  terminal 
homing  for  missiles  and  shells  and  for  radar  surveillance  in  general, 
have  generated  a need  for  developing  new  concepts  in  low  cost  millimeter 
wave  antennas.  A means  of  providing  electronic  line  scanning  rather 
than  mechanical  scanning  is  desirable  in  order  to  reduce  system  com- 
plexity and  high  cost.  It  is  especially  important  to  eliminate  the 
use  of  gimbals  to  mechanically  scan  an  antenna,  since  they  are  expen- 
sive and  slow.  This  paper  describes  the  design  and  experimental  find- 
ings of  a novel  approach  for  a side-looking  electronic  line  scanner 
consisting  of  a dielectric  (silicon)  rectangular  rod  with  periodic  per- 
turbations on  one  side.  Angular  scan  is  achieved  by  varying  the  fre- 
quency while  the  actual  numerical  values  of  the  scan  angles  are  a 
function  of  operating  frequency,  waveguide  size  (height  and  width)  and 
perturbation  spacing.  An  alternative  approach  was  explored  where  the 
frequency  was  held  fixed  and  the  effective  guide  wavelength  was  varied 
electronically  by  modulating  the  conductivity  of  a PIN  diode  mounted  on 
the  dielectric  waveguide.  Antennas  were  designed  for  the  n=-l  spacial 
harmonic  at  operating  frequencies  in  the  55  to  100  GHz  range. 

DESIGN  CRITERIA 

The  key  elements  in  the  antenna  design  are  operating  frequency 
(in  terms  of  XD),  guide  wavelength,  and  perturbation  spacing.  These 
three  values  determine  the  n^  grating  lobe  angle  of  radiation  as  seen 
in  the  following  equation  (1) , (2) 
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n 


I 


sin-1  (A?  + h, 

nth  beam  angle  from  broadside 
free  space  wavelength 
guide  wavelength 
perturbation  spacing 
space  harmonic;  0,  _ 1,  + 2, 


i 

(normal) 


Cl) 


The  operating  frequency  in  a system  is  principally  chosen  by 
application  requirements  such  as  resolution,  range,  and  size  of  compo- 
nents. In  a more  practical  sense,  it  depends  on  the  availability  of 
millimeter  wave  power  sources  which  are  small,  rugged  and  reliable  with 
sufficient  power  output  for  the  intended  application.  The  primary  solid 
state  sources  used  to  date  have  been  Gunn  and  IMP ATT  diodes.  Some  pre- 
liminary work  has  been  accomplished  in  incorporating  these  devices  di- 
rectly in  dielectric  waveguides  at  microwave  frequencies  where  the  guides 
are  physically  much  larger  than  those  studied  in  this  paper  (3)-(5).  The 
bulk  of  the  experimental  work  reported  here  was  do>.«»  n??’*  w-*  wher® 

sufficient  test  equipment  and  power  sources  were  available.  Some  work 
was  completed  at  70  GHz  and  future  experimental  plans  are  aimed  at  94  GHz. 

The  guide  wavelength,  for  a given  material  and  frequency,  is  de- 
termined by  the  physical  size  of  the  guide,  i.e.,  width  "a"  and  height 
"b" . Since  it  is  advantageous  from  a practical  point  of  view  to  avoid 
as  much  multi-signal  complexity  as  possible,  single  mode  operation  must 
be  maintained  in  the  propagation  of  energy  in  the  waveguide  with  only  a 
single  beam  of  energy  radiating  from  the  antenna.  Thus,  the  designs  pre- 
sented in  this  paper  which  give  the  range  (minimum  and  m imum)  of  guide 
sizes,  allow  only  the  E^^  mode  in  the  guide  and  the  n=-x  space  harmonic 
in  the  radiated  energy. 

Ideally,  the  waveguide  should  be  kept  as  large  as  possible  for 
any  given  frequency  of  operation  as  it  eases  fabrication  problems  and 
lessens  the  effect  of  size  variations  on  the  guide  wavelength  and  scan 
angle.  The  maximum  guide  size  is  defined  as  that  above  which  multiple 
mode  operation  is  possible.  The  minimum  guide  size  is  defined  as  that 
below  which  the  electric  field  becomes  unguided.  The  maximum  and  mini- 
mum guide  sizes  were  determined  by  calculating  the  propagation  constants 
ki,  kx,  and  ky  using  the  transcendental  equations  formulated  by  Marcatili 
(6)  and  solving  them  exactly  on  a programmed  calculator  (7)  using  the 
relationship,  ^ 

WKMkl  + k}) 


which  indicated  that  there  is  no  propagation  down  the  guide  (z-direction) 
when  (kjj  + ky^)  exceeds  k^.  Although  Marcatili' s approximate  formula 
does  not  precisely  match  Goell's  rigorous  solution  to  the  boundary  value 
problem  (8)  and  predict  the  fact  that  the  fundamental  mode  remains 
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guided  no  matter  how  small  the  gv.ide's  cross  section,  we  have  found 
experimentally  that  Eqn.  (2)  does  give  a good  practical  prediction  for 
cut-off  (9).  Fig.  1 is  a plot  for  the  fundamental  E^^  mode  and  the 
next  two  higher  order  modes  ^21  and  ^ \2  ^or  an  0Pera^^n8  frequency  of 
60  GHz. 


Fig.  1 Minimum  and  Maximum  Waveguide  Dimensions,  60  GHz 

This  plot  shows  that  the  E^2  m°de  is  the  limiting  mode  for  maximum 
guide  size  if  a unity  aspect  ratio  (a=b)  is  to  be  maintained.  How- 
ever, since  kx  is  independent  of  the  guide  height,  the  guide  width 
could  be  made  somewhat  larger  than  the  guide  height;  the  limiting 
value  being  the  cut-off  point  (size  below  which  the  mode  will  not 
propagate)  for  the  E^i  mode.  The  figure  also  indicates  that  the 
wavelength  in  an  infinite  medium  1 (silicon  in  this  case),  can  be  used 
as  a good  first  order  approximation  for  the  maximum  allowed  guide  size 
and  A]/2  as  the  minimum  guide  size.  The  equation  for  is 

X^l'rrn,  /Xc  C3) 

where  n^  ■ index  of  refraction  of  medium  1. 

The  figures  for  maximum  and  minimum  guide  size  are  listed  in  Table  I. 

It  is  emphasized  that  these  values  are  approximate.  They  do,  however, 
provide  a useful  practical  range  of  guide  sizes  to  maintain  single  mode 
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operation  at  the  indicated  millimeter  wave  frequencies.  Later  in  this 
paper,  experimental  data  will  be  correlated  with  theoretical  calcula- 
tions for  silicon  waveguides  well  within  the  boundaries  of  the  predic- 
ted minimum  and  maximum  sizes. 

TABLE  1 

MINIMUM  AND  MAXIMUM  WAVEGUIDE  SIZES  FOR  FUNDAMENTAL  MODE  E^ 


GUIDE 

SIZE  (mm) 

FREQUENCY  (GHz) 

MIN. 

V2 

MAX 

b 

60 

0.775 

0.772 

1.4 

1.443 

70 

0.67 

0.619 

1.2 

1.237 

94 

0.50 

0.416 

0.9 

0.921 

For  any  given  waveguide  size,  the  guide  wavelength  is  also  a function 
af  operating  frequency.  Fig.  2 shows  how  the  guide  wavelength  varies 
with  frequency  for  a silicon  guide,  a=b=0.9  mm  (maximum  guide  size  for 
single  mode  operation  at  94  GHz) . As  the  operating  frequency  falls 
below  the  design  frequency,  Ag  increases  rapidly.  The  variation  in 
guide  wavelength  when  "a"  and  "b"  are  changed  but  kept  equal  to  each 
other  is  shown  in  Fig.  3. 


Fig.  2 Variation  of  Wavelength  Fig.  3 Variation  of  Guide  Wavelength 
with  Frequency  with  Frequency  as  a Function  of  Size 
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The  smaller  the  guide  size,  the  larger  Xg  will  be;  a 10%  change  in 
guide  dimensions  changes  Xj approximately  5%.  It  will  be  shown  later 
in  this  paper,  how  the  changes  in  Xg  indicated  in  Figs.  2 and  3 affect 
the  angle  of  radiation  from  periodic  radiating  elements.  Once  the 
physical  dimensions  of  the  dielectric  guide  are  chosen  for  a given  fre- 
quency, the  guide  wavelength  will  be  fixed  for  this  frequency. 

Referring  back  to  Eqn.  (1) , we  see  that  for  a given  space  har- 
monic (n  = -1  in  our  case) , the  only  remaining  variable  to  choose  is 
the  perturbation  spacing  d.  To  obtain  broadside  radiation  at  a given 
frequency,  d must  be  chosen  equal  to  the  guide  wavelength  at  that  fre- 
quency, thereby  reducing  0n  to  zero  degrees.  In  actual  practice,  it 
is  nearly  impossible  to  match  d=  exactly,  therefore,  the  frequency 
at  which  6n  = 0°  will  be  slightly  different  than  the  frequency  designed 
to  be  zero. 


LINE  SCAN  ANGLE 

Fig.  4 gives  the  angular  scan  theoretically  possible  (calcula- 
ted from  Egn.  (1))  by  varying  the  operating  frequency  fc  i 4 GHz  from 

the  design  frequency.  A new  set 
of  propagation  constants  had  to 
be  calculated  for  each  design 
frequency  in  order  to  determine 
the  corresponding  guide  wavelength. 
Results  of  the  calculations 
showed  that  the  degrees  of  angu- 
lar scan  per  GHz  of  frequency 
change,  decreases  as  the  design 
frequency  increases;  4.1°/GHz  at 
60  GHz,  3. 5°/GHz  at  70  GHz,  and 
2.5°/GHz  at  94  GHz.  In  addition, 
for  frequencies  above  the  design 
frequency  there  is  the  possibility 
of  higher  modes  propagating  in  the 
guide.  Calculations  indicate  that 
radiation  angles  are  very  sensi- 
tive to  changes  or  errors  in  \g. 
Experiments  conducted  to  measure 
Xg  as  a function  of  frequency, 
indicated  that  the  measured  values 
Fig.  4 Radiation  Angle  vs  Frequency  always  exceeded  the  calculated 

(60  GHz  Design  Frequency)  values  (10).  Fig.  5 shows  the 

effect  on  the  radiation  angle  if 

Xg  is  either  1 10%  from  the  calculated  value  while  the  perturbation 
spacing  is  kept  approximately  equal  to  the  calculated  value.  Over 
the  frequency  range  examined,  the  scan  angles  for  X„-10%  averaged ~18° 
higher  and  for  Xg  + 10%,~14°  lower  than  the  angles°calculated  for  Xg. 
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The  entire  range  of  angular  scan  can  be  shifted  more  positively 
or  negatively  by  changing  the  spacing  of  the  perturbations  as  shown  in 
Fig.  6.  Closer  spacing  shifts  the  angle  more  negatively  and  conversely, 
farther  spacing  shifts  the  angle  more  positively.  The  slope  A. degrees/ 
A frequency,  remains  essentially  constant.  For  each  0.1  mm  change 
in  d,  the  radiation  angle  changes  approximately  8°. 


Fig.  5 Effect  of  A on  Radiation 
Angle 


Fig.  6 Effect  of  Perturbation 
Spacing  d on  Radiation  Angle 


The  range  of  scan  angle,  i.e.,  slope  of  the  radiation  angle 
curves,  may  be  deliberately  altered  by  changing  the  waveguide  dimen- 
sions. As  long  as  the  dimensions  stay  between  the  minimum  and  maximum 
values, ^he  energy  will  be  guided  and  no  higher  modes  will  appear.  This 
is  illustrated  in  Fig.  7.  Smaller  guide  dimensions  increase  the  slope, 
thereby  increasing  the  scan  range  for  a given  AfQ.  In  each  case,  the 
perturbation  spacing  was  adjusted  to  match  Ag  as  closely  as  practical. 
The  results  are  tabulated  in  Table  II. 
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Fig.  7 Effect  of  Guide  Size  on  Angular  Scan  with  d Si  Xg 

TABLE  II 


ANGULAR  SCAN 

FOR  VARIOUS  SIZE 

GUIDES  (AfQ  = 8 GHz) 

GUIDE  SIZE 

PERTURBATION 

RANGE  OF 

a=b 

SPACING,  d 

ANGULAR  SCAN 

0.9  mm 

3.4  mm 

56° 

1.0 

2.6 

43 

1.4 

1.9 

33 

A variation  of  guide  size  and/or  perturbation  spacing  could  be  used  to 
adjust  the  scan  range.  Precautions  would  have  to  be  taken  to  avoid 
multi-moding  which  would  add  to  the  complexity  of  the  system  by  pro- 
ducing more  than  one  radiating  beam. 
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EXPERIMENTAL  RESULTS 

The  experimental  objectives  were  to  determine:  if  a silicon 
waveguide  with  surface  perturbations  is  an  effective  radiating  struc- 
ture; if  the  radiated  beam  was  less  than  6°  in  the  y-z  plane,  where  z 
is  the  direction  down  the  guide  and  y is  the  vertical  direction  per- 
pendicular to  z;  and  if  the  beam  is  steerable  as  a function  of  frequency, 
or  bias  on  a PIN  diode. 

Silicon  waveguides  were  fabricated  with  various  cross-sectional 
dimensions  and  lengths  to  determine  their  effect  on  the  radiation  angle 
and  range  of  angular  scan.  The  silicon  waveguides  in  this  paper  had 
dimensions  of  0.92  mm  x 0.91  mm  x 7 cm  for  silicon  waveguide  A and 
0.969  mm  x 1.071  mm  x 10  cm  for  silicon  waveguide  B. 

A series  of  perturbations  (grating  structures)  on  the  silicon 
waveguide  are  required  to  provide  a radiating  surface.  A grating 
structure,  with  grooves  in  a dielectric  strip,  for  use  in  a leaky  wave 
antenna  has  been  reported  by  Itoh  (11) . The  radiating  structures 
covered  in  the  following  discussion  used  metal  perturbations  on  the  top 
of  a rectangular  silicon  rod.  The  perturbations  consistr.’i  of  1C  Lo 
22  rectangular  copper  foil  stripes  with  dimensions  of  0.3  mm  x 1 mm. 

The  stripes  were  cemented  to  the  top  of  the  silicon  to  provide  the  per- 
turbation structure.  The  distance  from  leading  edge  to  leading  edge  of 
each  metal  stripe  was  set  to  an  experimentally  measured  silicon  wave- 
guide wavelength  as  measured  on  an  unperturbed  silicon  waveguide  and 
checked  with  calculations  using  the  Marcatili  equations.  The  guide 
wavelength  was  measured  using  a test  setup  as  shown  in  Fig.  8 without 
perturbing  stripes  on  the  silicon  waveguide  and  without  the  radiation 
angle  test  fixture.  A flanged  metal  waveguide  horn  (terminated  in  a 
diode  detector)  was  placed  at  a distance  of  less  than  1 mm  above  the 
upper  silicon  surface  in  the  near  field  of  the  propagated  wave.  The 
standing  wave  pattern  on  the  silicon,  produced  by  reflections  due  to 
an  imperfect  load,  was  then  detected.  The  position  between  maxima 
points  was  measured  using  a calibrated  micrometer.  To  obtain  the 
average  distance  between  maxima  points,  a large  number  of  Vmax  measure- 
ments were  made  along  the  surface  down  the  length  of  the  guide. 

The  perturbations  covered  a length  of  4 cm  using  16  stripes 
on  the  silicon  waveguide.  The  silicon  waveguide  was  then  coupled  to 
two  adjoining  metal  waveguide  sections  using  the  thin  copper  foil  end 
plates  with  1 mm  x 1 mm  center  openings  as  shown  in  Fig.  9.  The  copper 
end  plates  provided  support  and  positioned  the  silicon  in  the  center  of 
the  metal  waveguide.  The  pointed  silicon  waveguide  extended  about  1 cm 
into  each  of  the  two  matching  metal  waveguide  sections.  In  addition, 
the  copper  end  plates  provided  a shield  to  prevent  radiation  from  the 
metal  waveguide  into  the  air  surrounding  the  silicon  guide. 
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'Fig.  8 Test  Setup  for  Measurement  of  Radiation  Angle  0 vs  Frequency 
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Fig.  9 Silicon  Waveguide  with  Perturbations 

With  the  silicon  waveguide  mounted  in  the  test  holder  as 
shown  in  Fig.  9,  the  test  setup  (Fig.  8)  was  assembled  and  the  radia- 
tion pattern  from  the  silicon  waveguide  measured.  The  test  setup  was 
used  to  monitor  forward  power  (Pf ) , reflected  power  (Pr) , transmitted 
power  (Pt) , frequency  (f0)  , relative  radiated  power  (Pra<j)  and  radia- 
tion angle  (8).  The  flanged  pickup  horn  (terminated  in  a diode  detec- 
tor and  sensitive  amplifier),  was  positioned  at  a distance  of  20  cm 
from  the  exact  center  of  the  perturbation  stripes.  Most  measurements 
were  made  at  a 20  cm  distance  for  mechanical  convenience.  However, 
measurements  were  also  made  at  various  distances  in  the  far  field 
(i.e.,  distances  greater  than  64  cm).  The  radiation  patterns  observed 
in  the  far  field  were  almost  identical  with  those  observed  at  20  cm. 

The  flanged  horn  could  then  be  positioned  at  any  angle  9 from  -85°  to 
+85°  in  the  y-z  plane  on  a calibrated  test  fixture.  End  absorbers 
(carbon  compound  material)  were  positioned  directly  over  each  end  at 
the  dielectric  to  metal  waveguide  transitions  (Fig.  9)  to  prevent  radia- 
tion leakage.  The  test  setup  used  an  IMP ATT  diode  oscillator  variable 
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in  frequency  from  55  to  63  GHz  and  a PIN  diode  modulator  with  a positive 
square  wave  modulation  of  about  1 kHz  applied  from  the  source.  The  PIN 
diode  provided  an  amplitude  modulated  output  down  the  waveguide  and 
radiated  out  of  the  silicon  surface.  To  prevent  reflections  from  the 
metal  waveguide  to  dielectric  interface  and  thereby  keep  the  reflected 
power  ratio  Pr/P^n  low,  the  silicon  waveguide  was  matched  to  the  metal 
guide  by  tapering  both  ends.  It  was  found  by  experiment  that  the  antenna 
VSWR  was  in  the  order  of  1.4  over  a wide  range  of  frequencies  and  angles 
of  radiation.  However,  as  the  angle  of  radiation  approached  0°,  the  VSWR 
increased  to  about  3.0.  This  rise  was  gradual  and  started  to  appear  at 
about  8°  from  normal.  The  transmitted  power  ratio  (Pt/pin)  through  the 
dielectric  was  in  the  range  of  10%  with  a slight  drop  in  the  vicinity  of 
0°.  This  behavior  is  to  be  expected  from  theoretical  considerations  when 
Xg  approaches  the  perturbation  spacing  d. 

The  fraction  of  power  radiated  for  a VSWR  of  1.4  can  be  estimated 
by  subtracting  the  fraction  of  power  reflected  (Pr/P£n~3%)  and  power 
transmitted  (Pt/Pin  r*  10%) . The  remaining  87%  of  the  power  is  either 
radiated  or  lost  as  dissipation  in  the  silicon  or  metal  stripes.  The 
dissipation  losses  in  silicon  measured  in  a millimeter  wave  bridge  were 
so  small  as  to  be  negligible  because  of  the  high  resistivity  (30,000 
ohm-cm)  of  the  material.  We  conclude  that  most  of  the  power  (87%)  was 
radiated  into  free  space. 

The  radiation  pattern  of  silicon  waveguide  B at  a test  frequency 
of  58.49  GHz  is  shown  in  Fig.  10a.  The  polar  plot  of  relative  detected 
power  shows  a negative  angle  0 = -54°  at  the  peak  radiation  point.  The 
half  power  points  occur  at  50  units  which  indicates  a beamwidth  of  about 
4°.  The  theoretical  value  for  an  aperture  of  4 cm  is  6°.  The  plot  was 
obtained  by  arbitrarily  setting  the  maximum  value  .of  radiated  power  at 
100  units  on  the  ac  amplifier  meter  and  moving  the  pickup  horn  through 
an  angle  + 0 on  either  side  of  the  peak  to  obtain  the  detected  power  plot 
as  shown. 

Fig.  10b  shows  a typical  cross-sectional  radiation  pattern  in  the 
plane  r-$  which  is  perpendicular  to  the  plane  shown  in  Fig.  10a.  Thus 
the  3-dimensional  radiation  pattern  is  narrow  in  the  y-z  plane  and  wide 
in  the  r-j>  plane.  Point-by-point  frequency  tests  on  silicon  waveguide 
B yielded  the  relationship  between  radiation  angle  0 and  frequency  as 
shown  in  Fig.  11.  For  frequencies  between  57  GHz  and  65  GHz,  the  center 
of  the  radiated  beam  (6max)  varied  from  -68°  to  -7°,  a change  of  7.5°/GHz. 
The  above  measurements  were  based  on  operation  in  the  fundamental  wave- 
guide mode  £^1]/  The  1 mm  by  1 mm  guide  dimensions  do  not  allow  higher 
modes  to  propagate.  The  fact  that  these  radiated  beam  angles  are  nega- 
tive agrees  with  the  theory.  Since  the  dimensions  of  waveguide  B are 
smaller  than  the  calculated  maximum  for  ~ 60  GHz  operation,  Xg,  is  larger 
than  the  1.85  mm  value  predicted  for  the  maximum  guide  size.  Whenever 
the  perturbation  spacing  is  smaller  than  X„  (1.8  mm  was  used  for  wave- 
guide 3)  the  effect  is  to  shift  the  radiation  angle  more  negatively  as 
Indicated  in  Fig.  6. 
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The  radiation  angle  8 (experimental  and  theoretical)  vs  frequency 
for  silicon  waveguide  B (a=  0.97  mm,  E=  1.07  mm,  d=  1.8  mm)  is  plotted 
in  Fig.  12.  A comparison  of  the  experimental  and  theoretical  angles 

for  d = 1.8  mm  indicates  that 
the  experimental  values  (circled 
points)  are  at  a more  negative 
angle  than  the  theoretical  values 
for  a=b=l.l  mm,  but  parallel, 
as  measured  from  frequencies  of 
57  to  65  GHz.  This  indicates 
that  experimental  A is  greater 
than  the  theoretical  Ag.  This 
agrees  with  previous  direct 
measurements  of  Ag  using  probe 
techniques  (10) . 

Preliminary  tests  using 
PIN  diodes  to  control  the  radia- 
tion angle  have  been  performed. 

PIN  diodes  were  cemented  to  the 
side  wall  of  the  silicon  guide 
and  biased  ON  in  an  attempt  to 
realize  a radiation  angle  vari- 
ation as  a function  of  PIN  diode 
bias  current.  Small  angular 
Fig.  12  Comparison  of  Theory  and  variations  were  observed.  Em- 

Experiment  for  Radiation  Angles  vs  phasis  will  now  be  required  on 

Frequency  for  Various  Guide  Sizes  designing  the  optimum  geometry 

and  Perturbation  Spacings  for  the  PIN  diode  modulator. 

(Silicon  Waveguide  B) 


SUMMARY  AND  CONCLUSIONS 

Line  scanning  antennas  were  designed  at  millimeter  wave  fre- 
quencies (55  GHz  to  100  GHz)  with  confirming  experiments  using  rectan- 
gular silicon  waveguides  with  metal  stripe  perturbations.  Experiments 
indicated  that  a 3°  - 9°  beam  of  radiated  power  can  be  deliberately 
scanned  through  a range  of  angles  by  altering  the  input  frequency. 

Using  Marcatili's  basic  equations,  the  maximum  and  minimum  waveguide 
sizes  were  determined  allowing  only  the  EY-q  mode  for  60,  70  and  94  GHz. 
The  key  parameters  of  Eqn.  (1),  guide  wavelength  Ag  and  perturbation 
spacing  d,  were  theoretically  and  experimentally  varied  to  determine 
their  effect  and  criticality  to  the  angle  of  radiation  and  range  of 
angular  scan.  The  theoretical  results  show  that  the  radiation  angle  is 
very  sensitive  to  changes  in  Ag,  a 10%  change  causing  an  angular  shift 
of  approximately  15  to  20°.  The  guide  wavelength  in  turn,  for  a given 
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material  and  frequency,  is  determined  by  the  physical  dimensions  of 
the  guide;  width  a and  height  b. 

Small  changes  in  the  spacing  of  the  perturbations  can  also 
cause  significant  angular  changes;  8°  shifts  occur  for  each  0.1  mm 
change  in  d.  These  results  gave  an  indication  as  to  how  an  antenna 
could  be  designed  to  cover  a desired  range  of  angular  scan  by  altering 
the  physical  dimensions  of  the  guide  and/or  changing  the  perturbation 
spacing. 

Experiments  were  carried  out  to  verify  the  calculated  values 
of  Xg  by  detecting  the  standing  wave  pattern  and  measuring  the  dis- 
tance between  maxima,  Ag/2.  The  experimental  technique  for  determin- 
ing Xg  indicated  larger  numerical  values  for  any  given  frequency  than 
theory  would  predict  (10),  (12).  However,  the  difference  decreases 
as  the  frequency  increases.  The  experimentally  measured  radiation 
angles  for  silicon  waveguide  B,  plotted  in  Fig.  12,  were  compared  with 
theoretically  calculated  angles  for  guide  sizes  and  perturbations 
spacings  closely  matching  the  average  values. 

The  values  for  a,  b and  d used  in  the  theoretical  calculations 
bracket  the  actual  variation  in  parameters  for  the  experimental  wave- 
guide antennas.  The  results  show  that  the  observed  radiation  angles 
fall  within  the  theoretical  limits  and  agreement  is  good,  especially 
since  the  angle  0n  is  very  sensitive  to  changes  in  X (and  therefore 
a and  b)  and  d. 

The  feasibility  has  been  shown  of  electronically  scanning  through 
a range  of  angles  by  varying  the  frequency  fed  into  a relatively  simple 
antenna  structure  consisting  of  a rectangular  silicon  rod  with  copper 
stripes  (perturbations)  attached  to  one  surface  and  how  the  range  of 
scan  can  be  altered  by  changing  the  physical  dimensions  of  the  guide 
and/or  the  spacing  between  perturbations. 

Investigations  are  continuing  on  fixed  frequency  scanners, 
obtaining  the  change  in  radiation  angle  by  modulating  the  effective 
dielectric  constant  of  the  silicon  waveguide.  This  is  being  done  by 
attaching  PIN  diodes  on  the  side  wall  of  the  antenna.  The  conductivity 
of  the  diodes  is  modulated  by  dc  current  injection.  As  the  conductivity 
is  changed,  Ag  changes  and  hence  the  angle  of  radiation  will  be  varied 
by  electronic  means. 
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Introduction 

Fire  is  an  ever  present  danger  in  the  modern  aviation  environment. 
Recent  introduction  of  crashworthy  fuel  systems  in  U.S.  Army  helicop- 
ters has  dramatically  lowered  postcrash  fire  induced  mortality  and 
morbidity  (1).  However,  current  policy  states  that  pilots  and  air- 
crew members  will  wear  flight  clothing  which  is  designed  to  provide 
some  protection  from  the  heat  of  such  a fire.  Generally,  this  cloth- 
ing is  constructed  of  fabrics  which  exhibit  a high  degree  of  thermal 
stability  ("nonflammable"). 

Proper  evaluation  of  nonflammable  fabrics  requires  that  their 
protective  capability  be  assessed  in  a clinically  meaningful  way.  A 
bioassay  method,  using  pigs  as  human  skin  analogs,  was  developed  to 
measure  burn  damage  directly  (2).  This  method  proved  useful  in  eval- 
uating thermal  protective  underwear  (2),  four  flight  suit  fabrics  (3) 
and  the  effect  of  dye  deposition  of  skin  (4).  The  method  gives  an 
endpoint,  burn  depth,  which  is  acceptable  to  clinicians  and  fabric 
engineers  alike.  However,  it  is  too  costly  and  cumbersome  for  routine 
fabric  screening.  The  Thermal  Analysis  project  has  three  primary 
objectives:  1)  Use  the  bioassay  technique  to  collect  a large  data 
base  relating  heat  flux  and  exposure  time  to  burn  depth.  2)  Provide 
a correlation  between  the  output  of  some  physical  heat  sensors  and 
the  burns  resulting  from  exposure  of  pigs  to  identical  fires.  3) 
Develop  mathematical  models  capable  of  taking  the  heat  flux  measure- 
ments provided  by  the  sensors  and  calculating  accurately  and  consis- 
tently the  burns  which  would  be  expected. 

The  collection  of  the  data  base  is  discussed  in  more  detail  else- 
where (5).  The  correlation  between  the  sensors  and  skin  has  not  been 
established  yet;  although  the  information  resides  within  the  collected 
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data.  This  paper  discusses  the  progress  to  date  in  meeting  the  third 
objective  and  a possible  extension  using  clinical  data  to  arrive  at 
projected  survivability. 

Methods 

As  previously  described  (5),  anesthetized  domestic  white  pigs  (as 
human  skin  analogs)  were  subjected  to  heat  from  a JP-4  fueled  furnace 
adjusted  to  stimulate  the  heat  flux,  radiation  and  thermochemical 
environment  of  "typical"  JP-4  fueled  postcrash  fires.  Exposure  times 
from  0.55  to  14.29  seconds  and  heat  fluxes  of  0.7  to  3.92  cal/cm2*sec 
were  used.  Some  pigs  were  protected  by  fabrics  (3).  In  addition  two 
sensors,  a Fabric  Research  Labs  skin  simulant  and  an  Air  Force  "ther- 
moman"1 heat  sensor,  were  subjected  to  similar  fires,  both  bare  and 
and  protected  by  the  same  standard  fabrics.  The  resulting  burns  were 
photographed,  graded  using  a clinical  scale  of  1 to  16,  biopsied  and 
graded  on  a micro  scale  of  1 to  10.  Depth  measurements  for  (a)  nor- 
mal epidermis,  (b)  normal  dermis,  (c)  burn  depth  from  dermal/fat  bor- 
der up  to  maximal  extent  of  the  burn,  (d)  dermis  at  burn  site  and  (e) 
total  depth  at  burn  site.  Corrected  burn  depth  was  calculated  using 
the  following  relationship:  (a+b)  - c((a+b)/e). 

A computerized  data  base  was  developed  to  manage  the  data  from 
these  experiments.  For  each  burn  site  the  following  items  are  re- 
corded: Pig  #,  Site  #,  smoke,  template  type,  exposure  time,  heat  flux 
furnace  wall  temperature,  initial  pig  skin  temperature,  fabric,  skin 
condition  (natural  or  blackened),  clinical  gross  grade,  micro  grade, 
epidermal  thickness,  dermal  thickness,  burn  depth  (epidermal/dermal 
border  to  burn),  length  of  hair,  date,  time,  grades  from  a second 
reading  of  the  biopsy  specimens  - micro  grade,  normal  epidermis, 
normal  dermis,  burn  depth,  dermal  depth  at  burnsite,  total  skin  depth 
at  burnsite,  corrected  burn  depth,  computer  calculated  flux,  computer 
calculated  exposure  time  and  data  quality  number. 

In  all,  there  are  45,752  entries  for  1634  exposures  from  75  pigs 
in  the  data  base.  The  data  can  be  retrieved  via  an  interactive  access 
program  (PIGBOOK).  Also  available  are  other  data  files  for  furnace 
wall  temperatures,  heat  fluxes,  sensor  responses  and  intraskin  thermo- 
couple responses  which  were  recorded  on  FM  magnetic  tape  and  later 
digitized  at  100  samples  per  second  and  stored  on  digital  magnetic 
tape.  Off-line  hard  copy  records  include  ambient  temperature  and 
humidity,  pig  weight,  sex,  and  data  on  skin  cooling  and  water  content. 

The  two  models  discussed  below  were  programmed  in  FORTRAN  and  run 
on  a DEC  PDP  11/40  minicomputer.  Preliminary  development  of  the  ana- 
lytical model  was  carried  out  on  an  IBM  370  (6). 

1 "Thermoman"  Ts  an  Tnstrumented  manikin  developed  for  U.S.  Air  Force 

by  Aerotherm  Division  of  Acurex  Corporation  (18). 
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Empirical  Model  Development 

There  are  many  things  not  known  about  the  process  of  burn  creation 
in  a postcrash  fire.  For  example,  details  regarding  heat  transfer  to 
and  through  fabric  to  skin  are  lacking.  Thus,  it  is  not  possible  to 
specify  a priori  the  coupling  mechanisms  between  the  fire  and  skin 
without  further  detailed  study.  The  first  approach  therefore  was  to 
plot  the  data  so  that  some. of  the  many  possible  relationships  among 
the  variables  in  the  burn  data  base  could  be  visualized.  These  are 
shown  in  figures  1 and  2. 
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TOTAL  FLUX  - CAL/(CM*CM) 

FIGURE  1 

Notice  the  nonlinearity  of  the  gross  burn  grades  as  they  relate  to 
total  flux  (cal/cm2).'  Not  only  is  this  relationship  nonlinear  but 
there  is  a disturbing  scatter  to  the  data.  The  scatter  is  best  ex- 
emplified by  figure  2 in  which  burn  depth  seemed  to  be  only  generally 
related  to  total  flux  until  the  data  points  were  identified  with  an 
exposure  time.  Then  the  data  began  to  cluster  although  the  scatter 
is  still  great.  Identification  of  the  processes  producing  this 
scatter  is  a prerequisite  to  satisfactory  modeling.  One  approach  to 
this  problem  is  to  enter  the  data  into  a general  modeling  system  and 
question  those  observations  which  do  not  closely  match  the  model's 
predictions.  The  aberrent  observations  can  then  be  examined,  any 
erroneous  data  corrected,  or  the  observation  can  be  deleted  from  the 
data  set.  The  updated  set  of  data  can  then  be  re-entered  into  the 


KNOX,  WACHTEL  AND  KNAPP 


TOTAL  FLUX  V* . CORRICTCD  BURN  MFTM 


TOTAL  FLUX  - CAL/«CM*CM) 


FIGURE  2 

model,  or  another  one,  to  further  investigate  relevant  relationships. 

This  iterative  procedure  can  be  done  within  a framework  of  a 
multiple  regression  model.  The  problem  with  this  procedure  is  that 
most  routines  available  assume  continuous,  linear  variables--an  as- 
sumption which  is  obviously  not  met  with  the  burn  grade  variable. 

This  model  might  be  suitable  for  analysis  by  burn  depths,  however. 

A multiple  discriminant  model  makes  no  assumptions  about  linearity 
of  variables.  It  starts  with  groups,  and  develops  vectors  which  give 
maximum  discrimination  among  the  different  groups.  These  vectors 
then  can  be  applied  to  the  original  observations  to  determine  how 
well  each  matches  the  function's  prediction  as  to  group  membership. 
Those  observations  which  are  not  classified  into  their  proper  group 
may  be  examined  for  aberrant  values  on  one  or  more  of  the  predictor 
variables.  An  example  of  this  type  of  process  follows. 

Observations  with  quality  rankings  of  three  or  higher  were 
selected  from  the  data  set  in  ascending  order  of  gross  burn  grade. 
Predictor  variables  of  time,  flux,  wall  temperature,  skin  temperature, 
skin  condition  and  time  flux  were  extracted  and  calculated.  This  set 
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was  used  in  a discriminant  analysis  with  five  groups:  gross  grades 
1-4  (no  dermal  or  epidermal  burn),  gross  grades  5-7  (transepi dermal 
burns),  gross  grades  8-10  (partial  dermal  burn),  gross  grades  11-12 
(mid-thickness  dermal  burns),  and  gross  grades  13-16  (full  thickness 
dermal  burns  and  adipose  tissue  burns). 

Several  comments  on  the  result  of  the  analysis  are  in  order.  The 
Mahalanobis  D2  can  be  used  as  an  index  of  the  degree  of  separation  of 
the  centroids  of  the  groups.  It  is  equivalent  to  Chi-square  with 
number  of  variables  times  (number  of  groups  - 1)  degrees  of  freedom, 
or  in  this  case,  24  degrees  of  freedom.  For  this  analysis  the  value 
of  1261  is  highly  significant  (see  Table  1). 

The  analysis  of  classification  gives,  for  each  observation,  the 
predicted  group  membership  and  the  probability  of  that  observation 
belonging  to  that  group.  In  this  case,  with  five  classification 
groups,  a random  assignment  would  give  a probability  of  0.2. 

Use  of  the  classification  analysis  can  be  seen  by  considering 
observation  23  within  group  1.  It  was  predicted  to  belong  to  group  3 
even  though  it  was  a group  1 observation.  Looking  back  to  the  list- 
ing of  the  observations,  it  was  striking  that  the  flux  given  for  this 
observation,  2.14,  was  notably  higher  than  any  other  flux  for  members 
of  this  group.  A subsequent  review  of  the  log  book  revealed  that  the 
calculated  value  for  the  flux  of  this  observation  was  recorded  there 
as  1.98  cal/cm2.  A repeated  analysis  using  this  flux  value  would 
likely  yield  a predicted  group  2 or  group  1 membership.  (A  mis-pre- 
diction  of  one  group  should  not  be  considered  bad  since  the  observa- 
tion may  lie  very  close  to  the  boundary  point.)  Had  no  predictor 
appeared  questionable,  a review  of  the  burn  grade  may  have  indicated 
an  erroneous  grade. 

This  empirical  model  has  been  useful  in  screening  the  data  for 
consistency  and  in  assessing  the  importance  of  various  predictors, 
e.g.  the  strength  of  flux,  skin  color,  skin  temperature  and  time  as 
opposed  to  furnace  wall  temperature  and  total  flux.  But  it  does  not 
have  the  more  universal  applicability  of  an  analytical  model. 

Analytical  Model  Development 

In  common  with  previous  analytical  models  (7-11,17)  all  of  which 
were  based  on  radiant  skin  burns  or  conductive  (hot  water)  burns 
which  were  usually  terminated  at  threshold  blister  formation  (gross 
grade  11,  micro  grade  4),  the  USAARL/LSU  Model  calculates  tissue 
temperature  from  heat  flux  and  assumes  that  first  order  kinetics 
govern  the  relation  between  tissue  temperature  and  damage.  Although 
threshold  blister  has  been  a useful  criterion,  it  does  not  present 
nearly  enough  data  regarding  the  relative  performance  of  competing 
fabrics. 

The  data  base  described  above  was  collected  in  order  to  be  able 
to  expand  the  previous  models  so  that  they  could  predict  burns  of 
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II 

greater  severity.  The  first  model  to  be  based  on  these  data  was  pub- 
lished by  Takata  (11).  Morse  et  al  (18)  have  evaluated  Takata's  model 
in  conjunction  with  those  of  Mehta  and  Wong  (10),  Henriques  (7)  and 
Stoll  (9,17)  using  hot  water  burn  data  collected  at  the  University  of 
Rochester  (13)  as  a common  data  base  and  found  that  Takata's  model 
works  best  for  dermal  burns  while  Stoll's  model  works  best  for  epi- 
dermal burns. 

In  plotting  Takata's  calculated  burn  depths  against  observed  burn 
depths  it  was  found  that  his  model  tends  to  over  predict  deep  dermal 
burns  caused  by  high  heat  flux  and  long  exposure  times.  See  figure  3. 


TOTAL  FLUX  - CAL/«CM*CII» 

FIGURE  3 

Plot  of  Observed  Burn  Depths  and  Calculated 
Burn  Depth  versus  Total  Flux  from  Takata  (11) 

Several  changes  have  been  made  to  the  data  base  since  Takata's 
effort  (5).  The  exposure  time  for  each  burn  site  was  corrected  to 
take  into  account  differences  arising  from  shutter  system  dynamics. 
All  the  biopsy  specimens  were  reread  and  corrected  burn  depths  calcu- 
lated. These  corrected  birn  depths  indicate  that  for  epidermal  burns 
there  is  very  slight  shrinkage,  followed  by  very  slight  swelling  due 
to  edema  for  superficial  dermal  burns  ending  with  more  than  40% 
shrinkage  for  mid  to  deep  dermal  burns.  The  heat  flux  measurements 
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which  Takata  used  were  hand  calculated  from  measurements  taken  at  1 
per  second  while  the  present  data  base  has  heat  fluxes  calculated 
from  calorimeter  responses  digitized  at  100  samples  per  second. 

To  see  if  an  improved  analytical  model  could  be  developed  to 
, explain  the  current  data  a computer  program  was  derived  as  follows. 

For  thermal  exposures  of'interest,  skin  is  essentially  opaque  to 
j thermal  radiation  and  can  be  considered  to  transfer  energy  internally 

by  conduction  only,  since  exposure  durations  are  not  longer  than  the 
minimum  response  times  reported  for  increased  thermoregulatory  system 
activity  (14).  Consequently,  thermal  energy  transfer  in  skin  can  be 
described  by  the  heat  conduction  or  Fourier  equation.  In  rectangular 
coordinates,  the  Fourier  equation  may  be  written  as  follows: 


P <*  U ■ £ <K  + o <’> 

where, 

p = density,  gm/cm3 
Cp  = heat  capacity,  cal/cm-sec  °C 
K = thermal  conductivity,  cal/cm-sec  °C 
T = Temperature,  °C 
x = distance,  cm 
q = energy  source,  cal/cm3  - sec 


Since  skin  is  considered  to  be  opaque  to  radiant  energy,  and  since 
the  source  term  is  due  only  to  radiant  energy1,  equation  (1)  applies 
only  to  the  surface  of  the  skin.  For  all  conditions  in  which  x > 0, 
equation  (1)  reduces  to  the  following: 


P K ‘ IT  H>  <2> 

Solution  of  equations  (1)  and  (2)  requires  two  boundary  conditions 
for  x,  preferably  at  x = 0 and  x = L,  and  initial  conditions  at  t=0 
for  all  positions  0 s X * L.  If  one  assumes  that  there  is  no  backward 
flux  of  thermal  energy  at  x = 0 (all  conduction  is  into  the  skin) , 
then  the  energy  flux  at  x = 0 is  zero  and,  consequently,  aT/aX  = 0. 
Similarly,  if  the  problem  assumes  that  an  adiabatic  backwell  condition 
prevails  at  X = L,  the  fatty  tissue,  then  the  net  flux  out  of  the 
system  at  X = L is  0,  or  aT/3X  = 0.  These  two  boundary  conditions 
indicate  that  the  system  is  closed  and  that  all  thermal  energy  added 


*A  simplifying  assumption  based  on  the  predominance  of  the  radiate 
mode  of  heating.  May  be  less  valid  with  fabrics. 
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to  the  system,  0 -X  - L,  is  distributed  within  the  system  and  cannot 
escape. 

Initial  conditions  are  established  by  specifying  a uniform  temp- 
erature for  all  locations,  0 S X - L,  at  time,  t = 0. 

Consequently,  the  system,  may  be  defined  by  the  following  mathe- 
matical model: 


P 

P 


Cp 

Cp 


H - Jl 

at  x 

aj  _ 

at  ax 


0 x = 0 
O 0 < X < L 


(3) 


T = To,  0 5 X 5 L,  t = 0 Initial  conditions 


x=0,  0 - t 5 x 


Boundary  conditions  1 


al  = 

ax 


0, 


x=L,  0<t<x 


Boundary  conditions  2 


Solution  of  Mathematical  Model 

An  analytical  solution  to  equation  set  (3)  was  not  considered 
feasible  due  to  the  variable  nature  of  q,  Cp  and  K;  so  explicit 
differencing  methods  of  numerical  analysis  were  employed  to  solve  the 
equations.  Several  investigators  working  with  linear  systems  have 
found  that  the  Crank-Nicholson  six  point  implicit  differencing 
method  provided  an  excellent  numerical  solution  (15).  For  the  solu- 
tion of  equation  set  (3),  the  mathematical  model,  it  was  decided  to 
apply  the  Crank-Nicholson  method  to  the  second  order  partial  deriva- 
tives and  corresponding  explicit  methods  to  the  first  order  parti als. 

The  implicit  differencing  method  is  noted  for  the  characteristics 
of  stability  and  convergence.  Correct  increment  sizes  yield  reliable 
convergence.  The  model  was  implemented  in  FORTRAN  using  solution 
techniques  of  Thomas  as  described  by  Bruce  (16). 

This  initial  model  was  subsequently  revised  to  allow  energy  flux 
across  x = 0 during  heating,  convective  heat  loss  at  the  skin  surface 
during  cooling  and  heat  transfer  into  deep  tissues  including  conduct- 
ion into  fat  and  convective  cooling  via  the  blood.  The  model, 
USAARL/LSU  BRNSIM,  is  run  interactively  with  most  variables  changeable 
for  each  run. 

Since  first  order  kinetics  were  assumed  to  apply  in  damaging 
tissue  protein,  tissue  temperatures,  T,  were  converted  to  tissue 
damage  as  follows: 

, . dn  n -aE/RT. 

damage  rate  Jt ’ = » 
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ITIME 
.f dn/dt 
ETIME 


BRNSIM  was  modified  to  include  calculations  of  damage  rate  and  total 
damage  so  that  it  outputs  damage  rate,  dft/dt,  for  each  node  at  each 
time  step,  total  damage,  ft,  for  each  node,  and  a threshold  depth, 
where  ft  = 1.  Threshold  depth  is  interpolated  by  fitting  the  three 
ft's  nearest  1 to  Y = A + B ln(X)  and  solving  for  X where  Y = 1. 

Table  II  summarizes  the  predictions  of  this  model  and  compares  them 
with  the  observed  depths.  Figure  4 shows  the  model's  calculated  tem- 
perature profile  at  200y  and  at  the  fat  dermal  border  and  recorded 
profiles  from  approximately  the  same  depths  in  pigs. 


total 

damage 


ETIME 

=/  dn/dt 


. ETIME  = exposure  time* 
where  ITIME  = total  time 


TABLE  II 


Pig 

Exposure 

Tune*** 

Sec 

Flu* 

Cal/cm*’Sec 

Skin 
Temp  *C 

Observed*** 
Burn  Depth 
10-4  cm 

Predicted 

Depth 

Calculated 

Surface 

Temp  *C 
Tmax'^’40*ec 

Recorded**** 
Temp  *C 
Tma*‘T40aec 

294  LF 

0 98;. 01 

3.31 

30 

25724 

283.6 

99  4-39.0 

49.9-45.0 

294  LR 

0. 732. 01 

3.54 

31.7 

22221 

252.6 

76.7-38.9 

69.6-45.0 

294  RF 

3.0 

3.54 

29.4 

1495 

• 

163.5-58.4 

98.7  48.4 

294  RR 

1.472.01 

3.92 

30.6 

10202303 

512.6 

96.1-46.5 

97.9-49.4 

296  LF 

3.072.01 

2.60 

21.1 

6)12230 

653.6 

126.5-49.9 

.... 

296  LR 

0.992.01 

2.60 

26.1 

7223 

261.4 

83.5-33.5 

— 

296  RF 

a. 202. 01 

2.43 

27.0 

I486* 

** 

173.65-82  053 

— 

296  RR 

1.512.01 

2.30 

26.0 

73214 

264.2 

77.9-36.6 

— 

•O  NODE  10  > 1 Interpolation  scheme  using  nine  node*  * 1155.4 
* Only  one  of  five  biopsies  readable 
**0  NODE  10  > > > 1 ao  no  depth  calculation  posnible 
Mean  2 S E .M. 

••••  Approximate  depths  of  recording  = 200  microns 
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FIGURE  4 


Discussion 

In  the  foregoing  section  the  collection  of  a large  data  base  re- 
lating heat  flux  and  exposure  time  to  the  severity  of  skin  burns 
experienced  by  pigs  was  outlined  and  the  development  of  two  different 
models  of  the  relationship  between  thermal  energy  and  burn  severity 
was  described.  The  mul tidiscriminate  model  was  used  to  screen  the 
data  base  for  those  data  points  which  tended  to  lie  outside  of  the 
general  population.  This  technique  has  been  useful  in  tracking  down 
errors  in  coding.  To  date,  the  empirical  approach  has  not  been  used 
to  explore,  in  any  great  detail,  the  functional  relationships  which 
are  indicated  in  figures  1 and  2.  This  part  of  the  study  has  been 
deferred  until  the  data  base  is  in  its  final  form  with  coding  errors 
eliminated  and  extreme  points  flagged.  Hopefully,  the  statistical 
model  can  be  expanded  and  applied  to  the  correlation  of  the  output 
of  the  physical  sensors  with  the  skin  burns  resulting  from  exposure 
to  the  same  thermal  input. 

The  analytical  model  presented  here  is  based  on  the  work  origi- 
nated by  Moritz  and  Henriques  (7)  as  modified  and  extended  over  the 
years  by  Beuttner  (8),  Stoll  (9,17),  Mehta  and  Wong  (10),  Morse,  et  al 
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(18)  and  Takata  (11).  All  of  these  modelers  assumed  that  the  damage 
in  a burn  results  from  alterations  in  protein  structure  and  that  these 
alterations  proceed  according  to  first  order  kinetics  with  a threshold 
at  or  near  44°C  (some  authors  use  45°C)  and  high  energies  of  activa- 
tion. These  authors  have  based  their  models  on  burns  induced  in  pigs, 
rats  and  humans  by  contact  with  hot  water  and  by  exposure  to  radiant 
sources  such  as  carbon  arc  lamps.  For  the  most  part  these  data  are 
limited  to  burns  which  present  a threshold  blister  at  24  hours  or  less. 

The  only  large  data  base  available  which  includes  more  severe 
burns  was  collected  at  the  University  of  Rochester  in  the  1950's  and 
early  1960's  using  a carbon  arc  lamp  as  a source  (12).  These  investi- 
gators were  interested  in  studying  burns  which  would  be  produced  by 
the  flash  from  atomic  weapon  detonation.  Since  the  primary  concern 
here  was  the  threat  of  a postcrash  fire,  the  collection  of  a large 
data  base  of  flame  induced  severe  burns  was  prerequisite  to  the  ex- 
tension of  existing  models  or,  if  need  be,  development  of  new  models. 

The  current  analytical  model  assumes  a constant  temperature  pro- 
file within  skin,  the  possible  incorrectness  of  this  is  revealed  in 
the  temperature  profile  recorded  at  the  fat/dermal  border  and  the 
computer  simulation  in  figure  4 which  shows  that  the  initial  recorded 
surface  temperature,  the  one  used  in  the  simulation,  was  approximately 
85°F  while  the  fat/dermal  border  measured  approximately  95°F.  In  a 
number  of  such  recordings  a discrepancy,  while  not  this  large,  seems 
to  exist  between  the  surface  and  deeper  temperatures  within  the  skin. 
The  current  version  of  the  model  does  not  take  this  into  account  but 
merely  assumes  that  the  surface  temperature  is  distributed  evenly 
throughout  the  skin  depth. 

The  conductivity  profile  used  in  BRNSIM  is  that  used  by  Morse, 
et  al  (18).  This  profile  is  based  on  their  extensive  review  of  the 
literature  and  is  a compromise  among  many  possible  profiles  including 
a constant  thermal  conductivity  with  depth.  The  product  of  heat  cap- 
acity and  density  is  chosen  to  be  1.0  throughout  the  skin  depth 
except  in  the  fat  where  it  is  0.5.  These  figures  were  also  adopted 
from  Morse  et  al  (18).  The  working  values  for  the  coefficients  and 
exponents  in  the  damage  equation  have  been  those  of  Takata  (11)  but 
because  of  the  interactive  nature  of  the  program  they  can  be  set 
equal  to  any  value  including  those  previously  reported  by  other 
authors. 

As  can  be  seen  in  Table  II,  for  certain  exposures,  e.g.  pig 
number  294  LF,  the  predictions  of  the  model  are  reasonably  accurate. 
For  exposures  of  longer  duration  and  high  heat  flux,  for  example  pig 
294  RF  or  296  RF,  the  model  fails  to  calculate  an  experimental  depth 
because  the  total  damage  at  the  deepest  node  is  greater  than  1.  This 
problem  is  clarified  by  referring  back  to  the  time  temperature  profile 
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figure  4,  in  which  the  recorded  skin  temperatures  are  seen  not  to 
exceed  the  boiling  temperature  of  water;  while  the  computer  simula- 
tion is  seen  to  overshoot  this  temperature.  The  calculated  peak  sur- 
face temperature  for  pig  296  RF,  Table  II,  is  173.65°C  and  the  final 
temperature  at  40  seconds  post  burn  is  still  81.6°C.  Clearly  the 
peak  temperature  is  too  high'because  this  version  of  the  model  failed 
to  take  into  account  the  water  boiling  for  these  hotter,  longer  ex- 
posures. Moreover,  the  calculated  cooling  phase  of  the  tissue  fail- 
ed to  follow  the  actual  cooling  of  the  tissue  indicating  that  the 
heat  trapped  in  the  tissue  tended  to  remain  in  the  model  while  the 
heat  in  the  real  tissue  was  conducted  deeper  into  the  fat  and/or  was 
pulled  away  by  the  circulation. 

It  is  clear  then  that  several  changes  are  required  to  make  this 
preliminary  version  of  BRNSIM  conform  to  the  physiological  situation. 
First,  an  algorithm  to  account  for  tissue  water  boiling  is  required 
so  that  the  tissue  temperature  does  not  exceed  that  of  boiling  water 
until  the  energy  utilized  in  converting  tissue  water  to  steam  has 
been  accounted  for.  This  will  control  peak  temperature  but  not  heat 
loss.  Secondly,  the  loss  of  heat  to  deep  structures  and  to  the  cir- 
culation must  be  adjusted.  Loss  of  heat  to  the  circulation  is  compli- 
cated by  the  fact  that  in  the  more  severe  burns  the  circulation  is 
compromised  by  the  thermal  coagulation  of  blood  components  resulting 
in  the  typical  picture  of  veno-  and  arteriostasis  seen  in  clinical 
situations.  Lastly,  it  will  be  important  to  express  observed  burn 
depths  as  corrected  burn  depths  for  the  more  severe  burns  in  order  to 
account  for  the  extreme  thermal  shrinkage  seen  in  these  more  severe 
burns.  For  instance,  had  Takata  (11  ) used  corrected  depths  (which 
were  unavailable  at  the  time)  his  model  would  not  have  over  predicted 
severe  burns  nearly  so  much. 

In  this  regard,  it  should  be  noted  that  the  values  reported  for 
very  deep  burns,  such  as  experienced  in  pig  296  RF  where  there  are 
four  missing  values,  are  biased  toward  shallow  burn  depths  by  the 
difficulty  in  sectioning  severely  burned  skin.  The  data  from  these 
most  severe  burns  will  require  further  analysis  in  order  to  determine 
what  the  appropriate  depths  really  are. 

So  far  the  progress  in  formulating  an  analytical  model  which 
adequately  predicts  severe  thermal  injury  has  been  encouraging  and 
leads  to  speculation  about  possible  uses  of  such  a model  in  evaluat- 
ing thermal  protective  fabrics.  Fabrics  exposed  to  a simulated  post- 
crash fire  can  be  evaluated  for  their  heat  transfer  properties  using 
heat  sensors  and  the  transferred  heat  can  in  turn  be  evaluated  in 
terms  of  its  potential  for  creating  burns  using  the  optimized  version 
BRNSIM.  The  final  step  would  be  the  relation  of  the  calculated  burn 
depths  and  an  assumed  burned  area,  or  a measured  burn  area  from 
instrumented  manikins,  to  survivability  of  patients  at  various  ages 
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and  sexes. 

As  an  example,  consider  a hypothetical  case  in  which  fabric  A 
gives  a calculated  burn  depth  of  2000jj  (full  thickness  burn)  and 
fabric  B a depth  of  1500p.  If  a constant  area  of  burn,  30%,  is 
assumed  and  the  pilot  is  lass  than  34  years  old,  then  his  surviv- 
ability might  be  94%  for  fabric  B but  only  71%  for  fabric  A (19). 

On  the  other  hand  if  A were  1900p  then  given  the  accuracy  of  avail- 
able clinical  information,  there  would  be  no  difference  in  surviv- 
ability. This  example  points  the  way  toward  a method  of  quantifying 
the  importance  of  improvements  in  protection.  But  to  be  really  use- 
ful it  will  require  a somewhat  better  model  and  more  precise  clinical 
information  regarding  the  relationship  between  burn  depth  and  sur- 
vivability. ✓ 

Conclusion 

Progress  towards  supplanting  the  USAARL  bioassay  method  for 
thermal  fabric  evaluation  by  laboratory  methods  involving  heat  sen- 
sors and  a mathematical  model  is  encouraging.  Implementation  will 
require  minor  changes  in  the  model,  BRNSIM,  to  make  its  output  con- 
form more  closely  to  observed  tissue  temperatures  and  the  addition  of 
a routine  to  convert  sensor  temperatures  to  heat  flux.  Consideration 
of  survivability  will  require  more  precise  clinical  data  relating 
burn  depth  to  clinical  outcome. 
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African  trypanosomiasis  is  an  important  disease  of  man  and 
domestic  animals  on  tile  African  continent  involving  the  area  15°  North 
-29°  South  latitude  (27) . This  Glossina  (tsetse  fly)  infested  area 
encompasses  a land  mass  of  approximately  4 million  square  miles.  The 
disease  of  man,  commonly  referred  to  as  African  sleeping  sickness,  is 
present  in  endemic  foci  throughout  this  area  making  it  hazardous  or 
uninhabitable  for  humans.  Insect  vectors  capable  of  transmitting  the 
human  disease,  however,  occur  over  a greater  area  increasing  the 
potential  for  spread  of  this  disease.  Historically,  large  scale  out- 
breaks occurred  following  the  introduction  of  the  trypanosomes  into  a 
previously  unexposed  population  (5,15).  During  the  period  1896-1906, 
over  half  a million  people  died  in  the  Congo  basin  as  the  disease 
spread  from  the  mouth  of  the  river.  During  the  epidemic  of  1900-1910 
in  Uganda  near  Lake  Victoria,  an  estimated  200,000  people  were  killed 
by  the  disease.  More  recently, in  the  1930-1940  epidemic  in  East 
Africa,  an  estimated  11,500  human  deaths  were  reported.  Epidemics 
were  followed  by  the  establishment  of  persistent  endemic  foci.  The 
current  toll  of  more  than  10,000  new  cases  reported  annually,  is  con- 
sidered to  be  an  underestimate  (3,4). 

Animal  trypanosomiasis  is  far  more  widely  distributed.  It 
may  preclude  or  greatly  reduce  the  production  of  domesticated  animals 
for  food  or  draft  purposes.  This  deficit  contributes  to  nutritional 
deficiencies  and  restricts  social  development  (26) . 

In  view  of  the  increased  awareness  of  our  government  in  the 
African  continent  and  the  military  mission  to  maintain  a readiness 
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capability  to  deploy  and  maintain  effective  military  forces  in  any 
area  of  the  world,  the  DOD  supports  research  programs  investigating 
various  aspects  of  this  problem. 

There  are  2 species  of  trypanosomes  which  cause  human  trypa- 
nosomiasis: Trypanosoma  rhodesiense  and  Trypanosoma  gambiense.  Differ- 
entiation is  based  on  the  clinical  syndrome  as  the  parasites  are 
morphologically  indistinguishable  (12,17).  The  Rhodesian  form  is  a 
more  acute  disease  which  usually  terminates  in  1-12  months  if  not 
treated.  It  is  characterized  by  recurrent  fever,  headache,  irrita- 
bility, insomnia,  anemia,  local  edema  with  rapid  development  of  con- 
gestive heart  failure  and  often  neurologic  disorders.  Gambian  trypa- 
nosomiasis generally  follows  a less  acute  clinical  course  but  termi- 
nates fatally  when  the  central  nervous  system  (CNS)  becomes  affected. 
Clinical  features  include  marked  lymph  node  enlargement,  drowsiness, 
headache  and  ataxia.  In  some  patients  onset  of  CNS  disease  is  delayed 
2-6  years  after  demonstration  of  parasitemia. 

A limited  number  of  relatively  toxic  drugs  administrated  by 
injection  are  available  for  treatment  of  the  disease  in  man  (1,19,20, 
21,  31).  Instances  of  drug  resistance  have  been  reported  for  all  drugs 
now  in  use  (31) . Treatment  with  Suramin  (Bayer  205)  or  pentamidine  is 
fairly  effective  for  either  the  Rhodesian  or  the  Gambian  form  before 
CNS  involvement  has  occurred.  However,  because  CNS  penetration  of 
trypanosomes  may  occur  early,  additional  follow-up  treatment  with 
drugs  able  to  cross  the  blood  - brain  barrier  is  recommended.  To 
cross  this  barrier,  the  arsenically  based  melaminyl  compounds  are  now 
being  used.  Hospitalization  is  required  for  therapy  because  of  the 
often  severe  nervous  irritation  and  other  toxic  effects  associated 
with  this  class  of  drugs  (20,31). 

Control  of  the  disease  has  been  directed  toward  reduction  of 
contact  between  flies  and  man  and  by  chemoprophylaxis.  Fly  numbers 
have  been  reduced  by  bush  clearing  and  insecticide  application.  Avoid- 
ance of  endemic  areas  has  been  practiced,  though  population  movements 
away  from  such  areas  may  be  responsible  for  early  dissimination  of  the 
human  reservoir  (14)  . 

Chemoprophylaxis  has  been  widely  used  in  West  and  Central 
Africa  with  pentamidine  being  the  drug  of  choice.  Because  of  its 
serum  binding  property,  pentamidine  prophylaxis  for  the  Gambian  type 
is  effective  for  at  least  6 months  (23) . Suramin  also  has  prophyla- 
ctic properties  for  approximately  3 months  but  because  of  its  nephro- 
toxicity and  lack  of  effectiveness  for  the  Gambian  form,  its  usage  has 
been  restricted.  In  any  case,  following  the  introduction  of  trypano- 
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somiasis  into  a new  area  it  continues  in  an  endemic  form  irrespective 
of  the  control  measures  used  (5,15). 

The  study  of  immunolocjic  aspects  of  the  disease  which  could 
possibly  lead  to  a means  of  control  have  received  increasing  attention 
in  recent  years.  Several  workers  have  had  limited  success  in  immuni- 
zing animals  using  killed  suspensions  of  trypanosomes  (13,22)  or 
extracts  of  trypanosomes  as  immunogens  (2,28).  Recent  experiments  have 
shown  that  immunity  can  be  induced  in  rodents,  cattle  and  monkeys 
against  blood  form  trypanosomes  by  immunization  with  live  parasites 
attenuated  by  ionizing  radiation  (8,29) . Experimental  work  with 
Trypanosoma  congolense  and  Trypanosoma  brucei  has  not  been  as  promising. 
Attempts  to  immunize  cattle  with  irradiated  parasites  did  not  result 
in  a sterile  immunity  but  immunized  animals  mounted  a humoral  response 
and  prepatent  periods  were  extended  (6,7).  A major  problem  with  the 
irradiated  vaccine  model  is  that  immune  animals  are  not  protected 
against  heterologous  strain  or  variant  challenge  (30)  and  no  informa- 
tion exists  on  whether  these  animals  are  protected  from  a natural 
tsetse  fly  challenge. 

Our  studies  describe  immunization  trials  with  T_.  congolense 
in  bovines  in  the  laboratory.  Vie  also  report  on  a field  study,  which 
has  taken  place  over  the  last  8 years,  in  which  we  determined  the 
antigenic  similarities  of  T.  rhodesiense  occurring  in  an  endemic  area 
of  western  Kenya. 

An  animal  pathogen,  T.  congolense  has  been  used  in  the 
immunization  trials  to  preclude  the  possibility  of  accidental  human 
infection  in  the  laboratory  or  release  of  infected  vectors  into  a 
potential  endemic  area.  Animal  models  are  not  unusual  in  the  study  of 
human  disease  and  we  believe  the  immunologic  similarities  in  terms  of 
antigenic  variation  between  T.  rhodesiense  and  T.  congolense  warranted 
its  use  to  preclude  unnecessary  risk  for  these  studies.  If  anything,  - 
our  work  indicates  that  immunization  with  T.  rhodesiense  is  less 
difficult  than  that  of  Th  congolense  (6,7,29). 

MATERIALS  AND  METHODS 


Trypanosoma  rhodesiense  serodemes  in  Lambwe  Valley 

To  determine  the  antigenic  composition  and  number  of  sero- 
demes active  in  an  endemic  area  (Lambwe  Valley) , isolates  of  T. 
rhodesiense  were  collected  from  patients  at  the  Homa  Bay  Hospital  near 
Lake  Victoria,  western  Kenya,  by  members  of  the  Kenya  Medical  Depart- 
ment. Blood  samples  from  the  patients  were  then  injected  intraperi- 
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toneally  into  rats  and  transported  to  our  laboratory  in  Nairobi  for 
study.  The  trypanosome  isolates  were  tested  by  neutralization  (25) 
with  two  separate  antisera.  The  antisera  were  developed  by  long  term 
infection  of  two  bovines,  one  with  an  isolate  collected  in  1972  and 
the  other  with  an  isolate  obtained  in  1974.  The  duration  of  the 
infection  in  these  animals  was  227  and  279  days,  respectively.  To  date, 
45  T.  rhodesiense  isolates  over  8-year  period  have  been  tested. 

Acquired  immunity  to  trypanosomiasis 

Animals  - Bovines  used  in  these  studies  were  a predominantly  Hereford 
breed  and  obtained  from  the  Veterinary  Department  at  Kabete  or  from 
other  trypanosomiasis  free  areas  of  Kenya.  All  animals  were  dipped  or 
sprayed  with  an  acaracide  weekly  and  received  periodic  treatment  with 
Ranizole  (Merck  Sharpe  and  Dohme,  B.V.,  Haarlem  - Netherlands)  to 
limit  helminthic  infections.  During  periods  of  poor  pasture  supple- 
mental food  was  provided. 

Parasites  - The  Trans-Mara  I strain  of  T.  congolense  was  used  in  these 
experiments.  It  was  first  isolated  from  an  infected  bovine  in  the 
Trans-Mara  area  near  the  Kenya-Tanzania  border  in  1966  and  has  sub- 
sequently been  maintained  in  stabilate  form  at  -80°C  with  occasional 
passage  in  bovines  or  rodents.  Vihite  albino  mice  obtained  from  the 
Veterinary  Laboratory  rearing  facility  were  infected  with  this  stabi- 
late. When  parasitemias  reached  satisfactory  level  3 the  mice  were 
anesthetized  with  ether  and  bled  by  cardiac  puncture.  Trypanosomes 
were  counted  in  a hemocytometer  and  diluted  with  phosphate  buffered 
saline  (pH  7.8)  containing  5%  glucose  and  10%  fetal  calf  serum. 

Induction  of  immunity  to  blood  form  trypanosomes  - Bovines  were 
infected  intravenously  with  lxlO4  trypanosomes  per  5001b  body  weight 
unless  otherwise  noted.  When  animals  became  weak,  severely  anemic, 
and  were  near  death,  treatment  was  initiated  with  Berenil  (Farbwerke 
Hoechst , Frankfurt  (M)  Germany)  at  levels  of  1.05g  or  2.lOg  active 
ingredient  per  6601b  of  body  weight.  This  procedure  of  infection  and 
’ r,«  rapeutic  cure  was  repeated  until  these  animals  were  resistant  to  an 
iritta venous  challenge  of  lxlo4  trypanosomes  per  5001b  body  weight. 

■t  ' • t ly  challenge  - Infected  adult  Glossina  morsitans  were  used  to 
JCVcli  infection.  The  tsetse  fly  colony  was  established 
• pents  of  puparia  supplied  by  Dr.  A.M.  Jordan,  Tsetse  Research 
‘ ' " Bristol,  England.  Standard  rearing  procedures  were 

r“'w  1 y emerged  (<24  hours  post-emergence)  flies  were 
1 n ■*  bovine  infected  with  the  Trans-Mara  I strain  of 
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T.  congolense.  They  were  exposed  to  the  donor  animal  each  morning  for 
14  consecutive  days  and  then  allowed  to  feed  for  5 consecutive  days  on 
each  of  two  non-infected  animals.  Infection  in  the  flies  was  verified 
by  dissecting  proboscis,  midguts  and  salivary  glands  from  a random 
sample  of  flies.  Infected  flies  were  allowed  to  feed  on  cattle  immune 
to  syringe  challenge  with  blood  stage  trypanosomes  of  T_.  congolense 
and  control  animals  not  previously  exposed  to  T.  congolense.  Each 
animal  received  an  average  of  468  tsetse  fly  bites  over  a two  day 
period. 


Monitoring  of  Infections  - The  temperatures,  parasite  levels  and  hema- 
tologic parameters  of  experimental  animals  were  monitored.  Blood  for 
Giemsa  stained  thick  and  thin  films  were  obtained  from  the  tip  of  the 
tail  six  days  per  week  and  blood  for  routine  hematology  was  obtained 
twice  weekly  from  the  jugular  vein  in  disodium  ethylenediamine  tetra- 
cetic  acid  (EDTA) . The  hematology  performed  included  erythrocyte, 
leucocyte  and  thrombocyte  counts  as  well  as  determination  of  packed 
cell  volumes  and  hemoglobin  concentrations.  Parasitemias  were  esti- 
mated by  counting  the  number  of  trypanosomes  per  lOO  leucocytes  on 
Giemsa  stained  thick  blood  films  and  relating  these  values  to  the 
total  leucocyte  count  per  min'5. 


Verification  of  Immune  Status  - When  animals  which  "self-cured"  or 
were  repeatedly  in  cted  and  cured  with  Berenil  developed  no  detect- 
able parasitemia  or  clinical  evidence  of  disease  after  a blood  induced 
challenge,  they  were  considered  immune.  Partially  immune  refers  to 
those  animals  which  received  a single  infection  and  treatment.  Blood 
was  subinoculated  from  immune  animals  into  mice  as  an  adjunct  to 
determining  their  immune  status. 


In  conducting  the  research  in  this  report,  the  investigators 
adhered  to  the  "Guide  for  the  Care  and  Use  of  Laboratory  Animals",  as 
promulgated  by  the  Institute  of  Laboratory  Animal  Resources,  National' 
Academy  of  Sciences  National  Research  Council. 


RESULTS 


Survey  of  antigenic  specificity  of  T.  rhodesiense  - During  the  past 
eight  years  45  isolates  of  Th  rhodesiense  were  collected  from 
patients  and  tested  against  two  different  antisera  in  an  attempt  to 
determine  the  extent  of  antigenic  variation  occurring  in  the  Lambwe 
Valley,  western  Kenya,  over  a period  of  time.  As  can  be  seen  in 
Table  1,  antisera  against  two  different  isolates  of  T.  rhodesiense 
reacted  with  60  and  61  percent  of  the  isolates,  respectively.  Only  9 
isolates,  distributed  over  the  8-year  period,  were  not  neutralized  by 
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TABLE  1 


RESULTS  OF  NEUTRALIZATION  TESTS  OF  ISOLATES 
OF  TRYPANOSOMA  RIIODKSIENSE  COLLECTED  BETWEEN 
1970  AND  1978  IN  LAMBWE  VALLEY,  KENYA 


Antiserum 

No.  Isolates 

tested 

No.  Neutralized* 

Percent 

Anti  LVH-1 

45 

27 

60 

Anti  LVH-2 

44 

27 

61 

★ 

9 isolates  (20%)  were  not  neutralized  by  either  antiserum. 


TABLE  5 

RESULTS  OF  CHALLENGE  BY  INFECTED  TSETSE  FLIES  OF  ANIMALS 
IMMUNIZED  AGAINST  BLOOD  FORMS  OF  TRYPANOSOMA  CONGOLENSE 


Number 

of 

Animals 

„ 1 
Group 

RESULT 

2 

Median 

P.P.  (Days) 

No  Detectable 
infection 

Self  Cure 

Treatment 

9 

Immune 

180 

5 

4 

0 

3 

Partially 

Immune 

14.0 

0 

3 

0 

9 

Control 

10.0 

O 

2 

7 

1.  Immune  - resistant  to  last  blood  challenge. 
Partially  Immune  - one  infection  and  treatment. 

2.  Prepatent  period. 
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either  antiserum. 

- Immunization  Experiments  - As  shown  in  Table  2,  there  is  a marked  age 

> resistance  to  primary  infection  with  T.  congolense  in  bovines.  Eighty- 

five  percent  of  13  animals  less  than  1 year  of  age  and  11%  of  the 
animals  between  one  and  two  years  old  survived  and  "self-cured"  the 
initial  infection.  All  animals  two  years  or  older  required  treatment 
to  survive.  No  differences  in  survival  tiroes  were  found  between  male 
and  female  animals  of  the  same  age  group. 

Five  bovines,  25  to  54  weeks  after  "self-curing"  the  initial 
infection,  received  a primary  challenge.  All  five  animals  were  immune 
and  showed  no  detectable  evidence  of  infection  while  the  control 
animals  became  patent  and  required  treatment  within  9 weeks  (Table  3) . 
Older  animals  did  not  "self-cure"  the  infection  and  required  treatment 
to  survive.  As  seen  in  Table  4,  nine  animals  over  one  year  of  age  that 
received  an  initial  infection  but  required  Berenil  therapy,  were 
challenged  28-128  weeks  after  treatment.  Five  of  these  animals  "self- 
cured"  and  4 required  treatment  but  at  times  extended  beyond  that  of 
the  initial  infection.  "Self-cure"  of  a primary  challenge  seems  to  be 
dependant  on  a longer  initial  exposure  to  the  parasite  and  rechal- 
lenge within  a year  of  the  last  detectable  parasitemia.  However,  there 
was  detectable  resistance  even  in  the  animals  challenged  over  two  years 
after  the  treatment  of  the  initial  infection.  Five  of  the  animals 
which  had  either  "self-cured"  or  required  treatment  of  the  primary 
challenge  were  then  given  a secondary  and  subsequently  a tertiary 
challenge.  No  detectable  infections  resulted  in  the  experimental 
animals  from  either  challenge  while  controls  developed  typical 
infections  and  all  required  treatment. 

Twelve  bovines, immune  or  partially  immune  to  blood  form  try- 
panosomes, were  subsequently  challenged  with  T.  congolense  infected  G. 
morsitans  (metacyclic  trypanosomes  from  tsetse  flies) . This  fly-borne“ 
challenge  was  8-9  months  after  the  animal's  last  exposure  to  blood 
form  trypanosomes.  Eight  control  animals,  not  previously  exposed  to 
T.  congolense , were  similarly  challenged.  As  seen  in  Table  5 and 
Fig.  1,  55%  of  the  animals  immune  to  blood  stage  trypanosomes  were 
also  completely  resistant  to  metacyclic  challenge.  Though  45%  became 
patent,  they  exhibited  a significantly  lengthened  prepatent  period  and 
reduced  parasitemia  when  compared  to  controls.  These  animals  manife- 
sted no  clinical  evidence  of  disease  and  ultimately,  all  "self-cured". 
The  partially  immune  animals  which  had  received  only  a single  exposure 
to  blood  trypanosomes,  demonstrated  a lengthened  prepatent  period  and 
reduced  parasitemia  when  compared  to  controls.  They  also  "self-cured". 
Of  the  control  group,  7 of  9 animals  required  treatment  for  survival 
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Figure  1 

Average  daily  parasitemias  of  immune  and  control  animals  challenged  by 
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while  2 "self-cured".  The  2 that  "self-cured"  were  1-2  years  old  and 
reflected  the  age  resistance  to  infection  previously  described. 

DISCUSSION 


Three  basic  problems  must  be  resolved  before  immunization 
could  be  considered  a method  for  control  of  trypanosomiasis.  The  first 
is  concerned  with  the  number  and  stability  of  serodemes  persisting  in 
an  endemic  area  over  a period  of  time.  Gray  has  shown  antigenic  simi- 
larities in  both  Th  brucei  and  T.  gambiense  isolates,  respectively, 
collected  from  various  geographic  areas  of  Nigeria  leading  one  to 
suspect  that  a limited  number  of  serodemes  were  involved  in  each 
species  (9,10).  In  our  studies,  the  results  of  neutralization  tests  of 
T.  rhodesiense  isolates  collected  from  individuals  in  Lambwe  Valley, 
over  an  8-year  period,  showed  a marked  similarity  of  antigenic  compo- 
sition. Both  antisera  used  in  the  tests  neutralized  the  same  as  well 
as  different  isolates  which  were  presumably,  all  variants  of  the  same 
serodeme.  The  9 isolates  which  were  not  neutralized  by  either  anti- 
serum may  belong  to  the  same  or  to  one  or  more  different  serodemes. 
These  findings  demonstrate  the  limited  diversity  and  stable  antigenic 
composition  of  the  parasite  population.  This  reduces  the  likelihood 
that  erratic  changes  take  place  in  the  antigenic  character  of  trypa- 
nosomes in  a given  area  and  indicates  that  a successful  vaccine  could 
retain  its  protective  capacity  over  a relatively  long  period  of  time. 

The  second  problem  deals  with  antigenic  variation;  a process 
utilized  by  the  parasite  to  evade  the  hosts  immune  response  (11,18,24). 
Immunization  by"self-cure"or  infection  and  treatment  results  in  expo- 
sure of  the  host  to  a broad  spectrum  of  antigenic  variants.  The  pro- 
tection induced  by  these  procedures  is  apparently  manifested  by  an 
anamnestic  response  to  most  of  the  antigenic  variants  of  one  serodeme. 
While  these  methods  of  immunization  are  not  practical  procedures  for 
man,  it  indicates  the  important  finding  that  a finite  number  of  anti-’ 
genic  variants  are  produced  and  that  mutation  is  probably  not  involved 
to  a great  degree  in  the  process  of  antigenic  variation.  Furthermore, 
it  appears  that  exposure  of  a host  to  a significant  proportion  of 
variants  of  a serodeme  results  in  protection  against  the  entire  sero- 
deme . 

The  third  and  perhaps  most  important  problem  in  the  develop- 
ment of  a vaccine  involves  the  question  of  whether  or  not  animals 
immune  to  blood  forms  are  protected  against  tsetse  fly  challenge. 

While  animals  have  been  immunized  against  antigenic  variants  by  various 
methods,  (2,6,7,8,13,28,29),  they  are  resistant  only  to  homologous 
challenge  and  their  resistance  to  tsetse  fly  challenge  has  not  been 
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tested.  In  our  experiments  employing  natural  tsetse  fly  challenge  of 
animals  previously  shown  to  be  immune  to  blood  forms,  we  found  a 
marked  degree  of  immunity.  Most  immunized  animals  were  completely 
protected  and  showed  no  parasitemia  or  clinical  evidence  of  trypa- 
nosomiasis. The  immunized  animals  which  became  patent  did  so  at  a 
later  time  than 'controls  and  only  a transient  low  level  parasitemia 
developed.  These  transient  parasitemias  were  not  accompanied  by 
clinical  symptoms.  All  controls  developed  typical  T.  congolense 
infections  characterized  by  progressive  weight  loss,  anemia,  leuco- 
penia  and  thrombocytopenia. 

In  summary,  we  have  demonstrated  that  the  antigenic  chara- 
cter of  the  parasite  population  of  T\  rhodesiense  from  an  endemic  area 
was  composed  of  perhaps  as  few  as  one  serodeme  which  was  antigenically 
stable  over  an  8-year  period.  We  also  found  that  immunity  can  be 
induced  to  blood  and  tsetse  fly  (metacyclic)  forms  by  exposure  of 
experimental  animals  to  a broad  spectrum  of  antigenic  variants  of  the 
same  serodeme.  The  sterile  immunity  described  in  our  studies  was  long 
lasting.  We  believe  these  findings  enhance  the  likelihood  of  immuno- 
logic control  of  trypanosomiasis. 
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Introduct ion 


The  simulation  of  aircraft  reliability,  availability,  and  maintaina- 
bility (RAM)  is  an  extremely  complex  task  which  deals  with  details 
of  aircraft  missions,  scheduling,  maintenance,  supply,  ground  equip- 
ment, manpower,  etc.  Implementation  of  such  simulation  often  requires 
complex  models  with  laborious  input  preparation  and  tedious  output 
digestion.  From  the  top-level  decision  makers'  point  of  view,  it  is 
helpful  to  gain  an  insight  into  the  overall  trend  of  significant 
interactions  among  the  aircraft  RAM  characteristics  so  as  to  formulate 
overall  policy  guidelines  in  anticipation  of  future  actions. 

The  objective  of  this  paper  is  to  describe  a projection  model  which 
will  facilitate  analysis  of  such  interactions  and  to  project  the 
aircraft  availability  at  various  stages  of  operation  in  a combat 
scenario.  This  availability  can  be  expressed  in  terms  of  aircraft 
population  at  various  stages  and  is  a crucial  piece  of  information 
for  decision  and  policy  guideline.  The  scheduling,  maintenance, 
manpower,  supply,  etc.,  are  governed  to  a large  extent  by  availability. 
The  reverse  is  also  true  in  order  to  improve  availability  and  there- 
fore mission  effectiveness. 

The  model  presented  here  is  based  on  the  mathematical  concept  of 
Markov  Chain  Processes,  supported  by  the  real  world  RAM  operational 
sequences  of  an  airmobile  combat  system.  This  model  can  be  used  as 
a management  tool  which  permits  observations  of  the  impact  of  proposed 
actions  prior  to  their  implementation.  Although  the  operation  of  an 
airmobile  combat  system  is  addressed  in  this  paper,  this  model  is 


/ 


*LAW  & EVANS 


flexible  and  can  be  adapted  to  other  operating  systems  as  well. 

✓ 

Modeling  Philosophy 

A model  is  a way  of  abstracting  the  real  t'orld  so  that  the  static  and 
dynamic  interrelationships  are  represented  (Reference  1).  With  an 
appropriate  model  of  a real  world  situation,  we  should  then  be  able  to 
predict  certain  outcomes  or  determine  how  the  real  world  would  behave 
if  we  implemented  a particular  alternative  decision.  One  objective  of 
model  building  is  to  identify  the  important  variables  and  relationships 
and  then  translate  a perception  of  the  real  world  into  these  essential 
relationships  and  variables,  and  thus  into  a model  which  is  tractable 
and,  hopefully,  computationally  manageable.  Along  this  modeling 
philosophy,  we  try  to  build  a model  that  is  simple  which  can  be  used 
as  a management  tool,  and  that  will  capture  the  essence  of  the  RAM 
characteristics  of  an  airmobile  combat  system  to  approximate  the 
operations  of  a fleet  of  aircraft  in  a combat  scenario.  This  model 
can  then  be  used  to  project  the  movement  of  aircraft  at  various  stages 
in  the  scenario,  to  study  the  interactions  among  the  RAM  characteris- 
tics, and  to  assess  the  impacts  of  decisions  (policies)  on  the  overall 
aircraft  availability  and  RAM  characteristics,  so  that  guideline  for  a 
workable  policy  can  be  formulated. 

Scenario  of  an  Airmobile  Combat  System 


In  order  to  identify  the  essential  RAM  variables  and  relationships  of 
an  airmobile  combat  system,  it  is  necessary  to  understand  and  define 
the  scenario  under  which  this  system  operates.  Based  on  the  flow  of 
operation,  the  scenario  can  be  aggregated  into  seven  stages  through 
which  a fleet  of  aircraft  will  normally  proceed.  Let  us  assume  that  a 
fleet  of  aircraft  starts  at  the  ready  pool  stage  (R)  where  refueling, 
arming,  preflight  preparation,  etc.,  will  be  performed.  This  fleet  of 
aircraft  will  be  replenished  from  the  reserve  stage  (S).  From  ready 
pool  the  aircraft  will  either  remain  in  ready  pool  or  go  to  combat 
mission  stage  (C).  We  define  that  attrition  can  occur  only  during 
combat  due  to  component  failure  or  combat  damage.  From  the  mission 
stage  an  aircraft  can  either  remain  in  mission,  go  to  attrition  stage 
(A),  come  back  to  ready  pool  after  the  mission  is  accomplished,  go  to 
scheduled  maintenance  stage  (SM),  or  to  unscheduled  maintenance  stage 
(UM).  Scheduled  maintenance  requirements  are  specified  by  the  user 
according  to  flight  time  or  calendar  time.  Unscheduled  maintenance 
is  based  on  component  failure.  From  SM  stage,  an  aircraft  can  either 
remain  in  that  stage  due  to  maintenance  delay  or  other  factors,  or  it 
can  go  to  UM  stage  if  component  failure  is  discovered.  It  will  return 
to  reaii;  pool  when  scheduled  maintenance  is  completed.  From  the  UM 
stage,  an  aircraft  can  either  remain  in  that  stage,  or  go  to  the  not 
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operationally  ready  supply  (NORS)  stage  due  to  waiting  for  parts. 
Again  it  will  go  Hack  to  ready  pool  after  maintenance  is  performed. 
From  NORS,  an  aircraft  will  either  remain  in  NORS  or  return  to  UM 
stage . 

The  above  seven  stages  characterize  in  general  terms  the  RAM  dynamics 
of  a fleet  of  aircraft  in  operation. 

Model  Development 

This  chain  of  transition  from  stage  to  stage  can  be  illustrated  by  a 
directed  graph  (Figure  1).  This  graph  specified  the  transitional 

S • Reserve  UM  “ Unscheduled  Maintenance 

R • Ready  Pool  NORS  • Not  Operational  Ready  Supply 

C • Combat  Mission  A • Attrition 

SM  • Scheduled  Maintenance 


F1CURE  1:  DIRECTED  CRAPH 


directions  of  aircraft  and  therefore  defines  the  movement  of  aircraft 
and  the  interrelationships  of  the  RAM  characteristics.  One  can  look 
upon  the  stages  as  a set  of  outcomes  of  an  experiment.  The  probabili- 
ties of  an  aircraft  to  move  from  one  stage  to  the  next  reflect  the 
RAM  characteristics  such  as  the  reliability  of  components,  the  avail- 
ability of  manpower,  equipment  and  parts,  and  the  scheduling  of  the 
resources  and  facilities,  etc.  If  one  can  assign  values  of  these 
transitional  probabilities  from  one  stage  to  the  other,  one  should 
then  be  able  to  predict  the  outcomes.  These  values  can  be  obtained 
from  historical  data  recorded  in  terms  of  the  amount  of-  time  that 
the  system  is  in  various  stages  of  readiness  or  operability.  Since 
we  specify  a finite  number  of  stages  (seven  in  this  case)  where  an 
aircraft  can  be  tracted,  this  set  of  outcomes  is  finite. 
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When  considering  a fleet  of  aircraft,  we  cannot  say  that  the  present 
condition  of  this  fleet  is  independent  of  the  past.  We  can  say, 

> however,  that  the  future  condition  of  the  fleet  is  dependent  at  most 

on  the  present,  i.e.,  it  does  not  matter  how  the  fleet  arrives  at  its 
f present  condition.  For  example,  an  aircraft  in  mission  stage  depends 

only  on  its  condition  at  the  ready  pool  stage  where  preflight  checking 
has  been  performed  to  certify  the  readiness  of  the  aircraft  to  fly  a 
mission.  It  does  not  depend  on  how  it  arrived  at  the  ready  pool 
stage.  A simple  model  on  logistic  guideline  of  an  airmobile  combat 
system  based  on  the  concept  of  Regular  Markov  Processes  was  suggested 
by  Law  (reference  2).  The  application  of  such  concept  can  be  extended 
to  the  scenario  described  here.  This  scenario  fits  well  into  the  con- 
cept of  Markov  Processes,  in  particular  the  Absorbing  Markov  Chain 
Processes. 

Absorbing  Markov  Chain  Processes 

Before  constructing  a Markov  model,  one  needs  to  make  sure  that  the 
characteristics  of  the  real  world  situation  to  be  modeled  satisfy  the 
basic  assumptions  of  a Markov  process.  Assuming  a sequence  of  experi- 
ments, the  outcome  of  each  experiment  is  one  of  a finite  number  of 
possible  outcomes.  It  is  assumed  that  the  probability  of  an  outcome 
of  any  given  experiment  is  not  necessarily  independent  of  the  outcomes 
of  previous  experiments  but  depends  at  most  upon  the  outcome  of  the 
immediately  preceding  experiment.  Finally,  we  assume  that  the  proba- 
bility p. . of  an  outcome  on  any  experiment  is  known,  given  that  the 

outcome  of  the  preceding  experiment  occurred.  The  outcomes  are  called 

"states",  and  the  numbers  p..  are  called  "transition  probabilities". 

lj 

A matrix  of  these  probabilities  is  called  the  "transition  matrix".  If 
we  assume  that  the  process  begins  in  some  particular  state,  then  we 
have  enough  information  to  determine  the  tree  measure  for  the  process 
and  can  calculate  probabilities  of  statements  relating  to  the  overall 
sequence  of  experiments.  When  these  assumptions  are  satisfied,  one 
can  then  translate  the  Markov  processes  into  the  operations  of  an 
airmobile  combat  system. 

The  seven  stages  are  the  states  of  a Markov  chain.  A state  is  called 
an  abosrbing  state  if  it  is  impossible  to  leave  it.  In  the  scenario 
of  this  study,  the  attrition  stage  is  an  absorbing  state.  We  define 
that  when  an  aircraft  is  attrited  due  to  component  failure  or  combat 
damage,  it  is  lost  and  not  salvagable  and  remains  in  the  attrition 
stage.  A Markov  chain  is  absorbing  if  (1)  it  has  at  least  one 
absorbing  state,  and  (2)  from  every  state  it  is  possible  to  go  to  an 
absorbing  state  (not  necessarily  in  one  step).  According  to  the 
' directed  graph  in  Figure  1 , an  aircraft  starting  at  any  stage  will  be 
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able  to  go  to  the  attrition  stage. 
* 

Model  Description 


The  scenario  under  study  fits  well  into  the  framework  of  absorbing 
Markov  Chain  Processes,  and  all  the  assumptions  for  a Markov  chain 
are  satisfied  in  the  real  world  situation.  Since  the  main  objective 
of  this  model  is  to  tract  the  dynamic  distribution  of  aircraft  popu- 
lation at  different  stages,  we  want  the  model  to  predict  and  project 
the  available  aircraft  population  in  any  stage  at  any  time,  and  to 
facilitate  a sensitivity  analysis  of  the  population  dynamics  with 
respect  to  the  RAM  characteristics.  This  sensitivity  analysis  pro- 
vides information  for  an  impact  study  of  decision  on  a proposed 
action.  The  impact  will  lead  to  formulation  of  guideline  for  a 
policy  that  may  be  optimal  under  a particular  situation. 


Now  consider  some  of  the  questions  one  would  like  to  ask  and  obtain 
clues  and  solutions  from  a model.  A policy  guideline  on  RAM  includes 
considerations  such  as  scheduling  of  manpower  and  equipment,  projected 
availability  of  aircraft,  reliability  of  components,  ordering  of  parts 
and  supplies,  anticipated  attrition  in  combat,  and  shipment  of  aircraft 
from  reserve,  etc.  Some  of  the  questions  of  interest  are:  (1)  What 
is  the  time  history  of  aircraft  population  distribution  in  every  stage 
under  a prescribed  policy?  (2)  How  is  this  population  distribution 
affected  by  a change  in  policy  (a  change  in  one  or  more  transition 
probabilities)?  (3)  On  the  average,  how  many  stages  will  an  aircraft 
go  through,  starting  at  any  stages,  before  it  is  attrited,  and  how 
sensitive  is  this  flow  towards  a change  in  policy?  (4)  On  the  average, 
how  many  times  will  an  aircraft  be  in  each  stage,  starting  from  any 
stage,  before  it  is  attrited,  and  again  how  sensitive  is  this  towards 
a change  of  policy?  (5)  What  is  the  probability  that  an  aircraft 
starting  at  any  stage  will  end  up  in  attrition? 


The  aircraft  population  at  any  stage  is  a basic  piece  of  information 
based  on  which  the  RAM  policy  is  formulated.  In  a combat  scenario, 
one  is  concerned  with  mission  effectiveness.  The  aircraft  availability 
is  an  important  factor  that  contributes  to  mission  effectiveness. 
Therefore  one  would  like  to  have  an  idea  of  available  quantity  of 
aircraft  so  that  adequate  preparation  can  be  made  to  keep  a continuous 
flow  of  aircraft.  Since  each  transition  probability  is  a description 
of  the  decision  and  policy  in  RAM,  one  can  conduct  sensitivity 
analysis  and  investigate  how  the  policies  affect  the  aircraft  avail- 
ability and  how  one  can  improve  decision  policies  to  provide  timely 
maintenance  and  to  maintain  mission  effectiveness.  This  sets  the 
tone  of  an  overall  policy  guideline.  On  a more  detailed  level  of 
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management,  question  (3)  leads  to  some  insight  on  how  one  should 
prepare  for  the  availability  and  scheduling  of  manpower,  equipment, 
supplies,  etc.,  at  various  stages  to  anticipate  and  service  the  flow 
of  aircraft.  Question  (4)  is  similiar  to  question  (3)  except  it  is 
more  concerned  with  the  local  scheduling  and  supply  of  a particular 
stage. 

According  to  the  structure  of  this  absorbing  Markov  model,  an  aircraft 
will  ultimately  end  up  at  the  attrition  stage.  This  is  true  in 
reality  when  an  aircraft  has  accumulated  sufficient  number  of  flight 
hours.  In  the  scenario  under  study,  there  is  only  one  attrition 
stage.  This  means  the  probability  of  attrition  for  any  aircraft 
will  be  1.  This  is  true  but  not  very  interesting.  However,  if  there 
is  more  than  one  attrition  stage  in  the  model,  i.e.,  attrition  due 
to  combat  damage,  component  failure,  accidents,  and  other  causes, 
then  the  model  can  provide  information  on  the  probability  of  attrition 
due  to  various  causes.  This  information  may  be  of  interest  to  the 
decision  maker,  and  the  Markov  model  is  flexible  to  accommodate  this 
feature.  However  this  feature  is  not  included  in  this  study.  The 
questions  above  are  by  no  means  all  one  wants  to  ask  in  formulating 
policy  guideline  but  are  questions  of  major  interest  and  concern. 

The  condition  of  a system  can  be  expressed  as  a state  vector  containing 
w states,  S(s^ .s^ > • • • ,8^) . If  the  system  is  in  state  s.  , the  proba- 
bility that  it  will  be  in  state  s.  is  p..  such  that  s.  = p..s..  This 
transition  probability  can  be  con^idere^ as  a description  oi  the 
decision  that  takes  the  system  from  state  s.  t0  state  s..  This  de- 

cision  is  the  result  of  actions  implemented  according  to  a policy. 

Thus  the  transition  of  a system  at  any  state  can  be  described  by 
the  transition  matrix 


such  that  Sk+1  = PSfc  (1) 


indicates  the  time  period  and 
w 

y d. . * 1 » i = 1,2,... ,w  and  p. . < 1. 
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For  an  arbitrary  absorbing  Markov  chain,  the  absorbing  states  can  be 
grouped  together  and  the  transition  matrix  can  be  rearranged  in  the 
following  canonical  form 


r' 

r I-1-!-0- 

t l R I Q 


(2) 


where  I is  an  rxr  identity  matrix,  0 is  an  rxt  zero  matrix,  R and  Q 
are  the  partitions  of  the  remaining  elements  in  matrix  P,  and  the 
elements  in  R and  Q are  less  than  unity  by  definition. 


A theorem  (reference  3)  shows  that  the  inverse  matrix,  ( I— Q)  , exists 

and  is  called  the  fundamental  matrix. 


Let  N = ( I-Q)  1 and  N = (n  — ).  ij  = l,2,...,t 

Futhermore , a theorem  (reference  3)  indicates  that  the  matrix  of  prob- 
ability of  absorption  is  a txr  matrix  B such  that  B m NR.  These 
matrices  contain  important  information  and  interpretation  which  are 
of  interest  to  policy  guideline  in  this  study. 


The  elements  n..  of  the  fundamental  matrix  N is  the  expected  number 
1J  . . 

of  times  before  attrition  that  an  aircraft  will  be  in  state  j if  it 

starts  in  state  i.  This  information  provides  an  answer  to  question 
(4).  The  sum  of  n..  along  the  row  elements  represents  the  expected 

number  of  times  that!  an  aircraft  will  be  in  a nonabsorbing  state 
(nonattrition  stage)  if  it  starts  at  state  i.  This  provides  an 
answer  to  question  (3).  To  answer  question  (5),  we  notice  that  the 
interpretation  of  element  b..  of  matrix  B is  precisely  the  probability 

that  an  aircraft  will  be  attrited  at  the  absorbing  state  j if  it 
starts  at  state  i.  We  shall  demonstrate  below  how  this  model  can  be 
applied  to  the  scenario  of  an  airmobile  combat  system.  According  to 
the  scenario  illustrated  in  Figure  1,  the  canonical  form  of  the 
transition  matrix  can  be  presented  as 
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where  0 < p . . < 1 
- ij  - 


-1 


Let  A = (I-Q) , then  N = A • 

The  time  history  of  aircraft  population  distribution  and  the  effect 
of  change  of  policy  on  available  population  can  be  obtained  by  the 
recurrsive  equation  (1),  Sk+1  * PS^  The  sensitivity  mentioned  in 

questions  (3)  and  (A)  can  be  investigated  through  the  partial  de- 


nvatives 

5 P. 


6 b dh . . 6 n . . 

or  lk  and  -LL  or  JJ. 
6 a 6 p { a 


A moment  of  reflection 


pq  pq  pq  pq  . 

on  Cramer's  rule  indicates  that  a can  be  isolated  in  the 

expressions  of  b.,  and  n,,.  Therefore  analytical  expressions  of  the 
r • 1 K 1 1 

partial  derivatives  as  a function  of  a can  be  obtained.  Let  the 

minor  of  matrix  A be  M. . and  the  cofac?or  be  C. . such  that 
i+i  ij  ij 

C. . = (-1)  M..*  The  elements  of  N can  be  expressed  as 

ij  ij 


.(:^LMiii 


(-l)j+1(  a C'  + K ) 
_ pq  pq  i 

a C + K 

pq  pq  2 


(A) 


q f i.  p * j 

t 

Where |M  I = T a C'  , m f j and  C'  is  the  cofactor  of  M. . and 
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K.  , K are  constant  terms  not  involving  a . Therefore 
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Similarly , 
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Since  B = NR,  where  R = (r..)i  then 

t J* 


ik 


l n.. 


j*--l 


r ..  > 1 , J find 

Jk 


6b 

ik  t n. . 
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(7) 


Pq  j“l  3pq  jk 


Hence  the  sensitivity  of  the  flow  of  this  system  towards  a policy 
at  any  stage  can  be  obtained  in  equations  (5),  (6),  and  (7).  The 


answers  to  the  above  five  questions 
simple  algorithm  (Figure  2).  This 


can  also  be  obtained  through  a 
lgorithm  can  be  easily  adapted  to 
accommodate  as  many  stages  as 
one  wishes  to  have.  A listing 
of  the  algorithm  is  available 
upon  request. 

Model  Application  and  Discussion 

Now  let  us  apply  the  model  to  a 
real  system.  The  data  in  Table 
1 gives  the  required  parameters 
and  the  average  condition  of  a 
helicopter  fleet  in  1971.  Some 
of  the  results  of  this  applica- 
tion are  presented  in  Figures 
3 to  7.  These  figures  show  the 
trend  of  population  dynamic  which 
is  the  primary  information  for 
policy  making.  The  aircraft 
population  distributions  at  all 
seven  stages  are  presented  in 
Figure  3.  The  aircraft  avail- 
ability at  the  stages  of  ready 
pool,  mission,  scheduled  and 
unscheduled  maintenance  fluc- 
tuates at  the  early  time  period, 
and  gradually  stablizes.  For  a 
limited  population  of  aircraft 


ncuu  2:  FLOW  DIAGRAM  OF  ALGORITHM 


*LAW  & EVANS 


at  the  reserve  stage,  it  is  seen  that  the  aircraft  at  that  stage 
diminishes  as  time  goes  on,  and  the  attrition  accumulates  at  a fairly 
constant  rate.  If  a policy  of  skipping  scheduled  maintenance  is  in 
effect,  it  is  observed  in  Figure  3 that  more  aircraft  are  available 
for  mission,  and  yet  more  aircraft  are  also  attrited.  However,  the 
SM,  UM,  and  NORS  stages  are  not  affected  significantly  by  this  policy 
When  the  rate  from  reserve  to  ready  pool  is  increased  as  in  Figure  4, 
the  available  aircraft  at  ready  and  mission  stages  increases  sharply 
in  the  early  time  period,  and  attrition  also  increases  sharply. 
Therefore  more  manpower,  equipment  and  facilities  are  needed  at 
the  maintenance  stages.  It  is  interesting  to  notice  that  at  a 
later  time  period,  aircraft  is  actually  less  available  for  mission 
because  of  limited  reserve  and  high  attrition.  Therefore  the 
reserve  pool  would  need  to  be  built  up  in  order  to  maintain  a 
certain  level  of  aircraft  availability.  When  the  rate  of  attrition 
is  increased,  the  drastic  effects  are  observed  in  Figure  5,  and  the 
level  of  availability  becomes  very  low.  It  was  observed  that 
shortening  the  waiting  for  supply  at  the  NORS  stage  does  not  notice- 
ably affect  the  availability.  The  graph  of  which  is  not  shown  due 
to  lack  of  space.  One  example  of  the  sensitivity  of  the  flow  of 
aircraft  towards  a change  of  policy  is  presented  in  Figures  6 and  7. 
In  this  example,  the  sensitivity  increases  as  the  transition  prob- 
ability increases.  In  other  situations,  the  reverse  trend  may  be 
true . 

Conclusion 


In  this  paper  we  have  demonstrated  the  application  of  absorbing 
Markov  Chain  Processes  to  analysis  of  reliability,  availability,  and 
maintainability  policies.  A model  was  presented  and  applied  to  a 
real  world  situation.  This  model  is  simple  and  flexible.  Because 
of  the  simplicity  of  the  model  structure,  the  algorithm  of  which 
can  be  easily  programmed  and  be  made  interactive.  The  Markov  Chain 
Processes  presented  here  show  great  promise  in  analyzing  RAM  policies 
The  model  presented  here  is  not  intended  to  replace  simulation  models 
but  can  be  used  to  gain  insight  into  trends  which  would  result  from 
overall  policy  changes. 
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T.bl.  1 

Condition  and  Parameter*  of  a Helicopter  Pleat 


Average  Inventory:  2,526  aircraft 
Total  flight  hours:  1,096,510 
Total  flight:  2,917,955 

Mean  tine  between  scheduled  maintenance:  2.749  hours 
Mean  time  between  unscheduled  maintenance:  2.652  hours 
Mean  time  between  all  maintenance:  1.35  hours 
Mean  elapsed  scheduled  maintenance  time:  5.40  hours 
Mean  elapsed  unscheduled  maintenance  tine:  5.195  hours 
Mean  elapsed  maintenance  time:  5.30  hours 
Clock  hours:  8,760 
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FIGURE  3:  DYNAMICS  OP  AIRCRAFT  POPULATION  DISTRIBUTION 
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FICURE  5:  DYNAMICS  OF  AIRCRAFT  POPULATION  DISTRISUTION 
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GLASS  FIBER/EPOXY  RESIN  COMPOSITES 
Effect  of  Static  Immersion  in  Water  on  the 
Tensile  Strength  of  Crossply  Laminates 
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INTRODUCTION 

The  use  of  glass  fiber-reinforced  resin  composites  in  primary 
structures  for  Army  applications  has  been  on  the  increase  in  recent 
years.  They  are  being,  or  will  be,  employed  in  load-bearing  areas  in 
several  rotor  blade  systems  - the  CH-47  modification,  the  Advanced 
Attack  Helicopter,  the  Blackhawk,  and  the  AH-1Q  Cobra  Improved  Main 
Rotor  Blade  - as  well  as  being  used  in  critical  areas  in  the  VIPER 
system.  Despite  this  projected  usage,  the  questions  on  the  stability 
of  the  material  properties  upon  exposure  to  outdoor  environments  re- 
main largely  unanswered  (1,2).  The  outdoor  weathering  conditions  are 
extremely  complex  and  include  such  factors  as  temperature,  electromag- 
netic radiation  (for  example,  sunlight),  and  moisture.  These  are  con- 
sidered to  be  the  major  elements  responsible  for  the  degradation  of 
materials  in  the  atmosphere  (2,3). 

This  study  is  directed  at  determining  how  and  why  the  mechan- 
ical properties  of  fiber-reinforced  resin  composites  are  affected  by 
exposure  to  each  of  the  above-mentioned  elements  with  different  dura- 
tion, intensity,  and  frequency.  In  this  phase  of  the  study,  the  effect 
of  moisture  at  ambient  temperature  without  radiation  is  being  investi- 
gated. Since  precipitation  in  the  form  of  rain  or  dew  is  the  most 
common  source  of  moisture  in  the  outdoor  environment,  immersion  in 
distilled  water  was  chosen  as  the  first  exposure  condition  to  be  studied. 
Among  a wide  variety  of  mechanical  properties,  the  uniaxial  tensile 
strength  of  the  laminate  under  constant-rate  deformation  was  chosen 
mainly  because  of  availability  and  simplicity  of  the  testing  technique. 
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The  techniques  and  results  developed  in  this  work  will  be  eventually 
translated  to  the  actual  systems  under  consideration  for  helicopter 
rotor  blades. 

A typical  composite  laminate  may  be  built  up  with  the  fibers 
of  each  lamina  oriented  in  a different  direction.  When  a laminate 
contains  laminae  with  different  fiber  orientation  and  is  subjected 
to  uniaxial  tension,  individual  laminae  will  fail  successively  with 
increasing  order  of  failure  strain  in  the  given  direction.  In  a cross- 
ply  laminate,  the  lamina  with  its  reinforcing  fibers  aligned  perpen- 
dicularly to  the  load  direction,  i.e.,  the  90°  lamina,  will  fail  first, 
thus  reducing  its  share  of  load.  The  burden  of  load  transfer  will  be 
increasing  in  the  unbroken  portion  of  the  laminate  (4).  As  a conse- 
quence, the  "knee"  or  "yield"  point  appears  in  the  stress-strain  curve 
due  to  the  reduction  of  laminate  modulus  (Figure  la).  Although  the 
term  "yield  point"  will  be  used  hereafter  based  on  the  analogy  to  that 
in  metals,  underlying  deformation  mechanisms  are  entirely  different. 
What  happens  in  the  composite  laminate  at  this  point  is  micro-failure 
followed  by  the  formation  of  translaminar  crack,  not  plastic  flow  or 


Schematic  diagram  of  tensile  stress -strain  curves 
of  a 90/0/90®  laminate 
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Figure  la.  Schematic  diagram  of  tensile 
stress-strain  curves  of  a 0°  lamina,  a 90° 
lamina  and  a 90/0/90°  laminate. 


Figure  lb.  Approximate  relationship  between 
the  yield  strain  of  a 90/0/90°  laminate  and 
the  failure  strain  of  a 90°  lamina  (without 
the  restraint  of  a 0°  lamina). 
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dislocation  motion.  The  yield  point  is  usually  far  below  the  cata- 
strophic failure  point  (which  determines  ultimate  strength  or  strain) 
of  the  laminate.  But  it  is  very  important  in  the  design  concept, 
since  the  "design  ultimate  stress"  is  related  to  the  maximum  laminate 
stress  attainable  without  the  rupture  of  any  lamina  (5) . 

The  yield  stress  or  strain  is  also  important  from  the  view- 
point of  resistance  to  water  absorption,  because  the  occurrence  of 
cracks  for  whatever  reason  will  allow  water  absorption  of  composites 
by  capillary  or  conduction  mechanisms.  Therefore,  the  absorption  of 
water  into  the  composites  can  be  accelerated  at  the  yield  point,  pos- 
sibly resulting  in  further  deterioration  of  the  properties.  Consider- 
ing these  facts,  the  effect  of  water  absorption  on  the  tensile  strength 
of  crossply  (90/0/90°)  laminates  will  be  examined  with  particular 
emphasis  on  the  yield  point. 

EXPERIMENTAL  PROCEDURE 

Three  types  of  glass  fiber/epoxy  resin  composites  have  been 
used  in  this  phase  of  the  study.  In  this  report,  discussion  will  be 
restricted  to  the  data  based  on  E glass/Scotchply  1009  resin  system. 

The  E glass/1009  resin  laminates  were  prepared  by  a commercial  manu- 
facturer (3M,  St.  Paul,  MN).  The  following  conditions  were  used  in 
their  curing  and  postcuring  process:  cure  at  163  C (325  F)  for  45  min- 
utes under  pressure  of  50  psi,  postcure  at  177  C (350  F)  for  4 hours 
under  contact  pressure.  The  laminate  supplied  consists  of  three  cross- 
plied  laminae  (lamina  thickness  ^0.016  inch).  The  laminate  has  a den- 
sity of  2.01  ± 0.02  gram/cc  and  74.9  ± 1.2  weight  percent  fiber  (6,7). 

Three  sets  of  specimens  (34  in.  x 6-1/2  in.  x thickness)  were 
used  in  the  water  absorption  experiments: 

(1)  three-ply  tension  test  specimens  with  the  direction  of 
fiber  on  the  outermost  lamina  perpendicular  to  the  specimen  axis 
(90/0/90°), 

(2)  single-ply  tension  test  specimens  (0°  or  90°),  and 

(3)  warped  two-ply  specimens  (0/90°). 

The  following  procedure  was  used  for  measuring  the  change  in 
the  tensile  properties  of  90/0/90°  laminate  by  water  absorption. 

(1)  The  90/0/90°  specimens  were  cut  from  the  plate  and  com- 
pletely dried  at  50  C under  vacuum. 

(2)  The  dried  specimens  were  immersed  in  distilled  water  at 
23  C for  various  periods  of  time. 
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(3)  After  the  moisture  was  removed  from  the  specimen  surface 
by  soft  paper  tissue,  the  weight  gain  of  each  specimen  was  measured. 

(4)  The  specimens  having  a gage  length  of  4.5  in.  were  tested 
in  an  Instron  tester  at  a crosshead  speed  of  0.05  in. /min. 

(5)  Yield  stress  and  strain  were  defined  by  the  position  of 
the  knee  in  the  stress-strain  curve  and  ultimate  strength  by  the  cata- 
strophic failure  point.  The  tangent  modulus  of  elasticity  was  esti- 
mated from  the  slope  of  the  stress-strain  curve. 

The  90°,  0°,  and  0/90°  specimens  were  prepared  by  removing  un- 
necessary lamina(e)  from  the  90/0/90°  specimens  which  had  been  immersed 
in  water  for  various  periods  of  time.  Since  the  removal  of  unnecessary 
lamina  was  performed  by  a sharp  razor  blade  within  10  minutes,  its  ef- 
fect on  the  water  retention  of  the  specimens  was  assumed  negligible. 

The  90°  and  0°  specimens  were  used  in  the  evaluation  of  strength  and 
modulus  of  each  lamina.  The  curvature  of  0/90°  specimens  was  estimated 
from  the  values  of  height  and  span,  assuming  that  the  arc  of  warped 
specimens  was  circular.  All  measured  properties  were  plotted  against 
the  weight  gain  due  to  water  absorption. 

RESULTS  AND  DISCUSSIONS 

The  weight  gain  of  90/0/90°  specimens  due  to  water  absorption 
is  shown  as  a function  of  immersion  time  in  Figure  2.  It  clearly  shows 
that  equilibrium  has  not  been  reached  at  2500  hours  of  water  immersion 
at  ambient  temperature. 


Figure  2.  Amount  of  water  absorption  of  a 90/0/90°  laminate  versus 
the  immersion  time  at  room  temperature. 
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The  results  of  tension  tests  show  that,  at  room  temperature, 
water  absorption  affected  the  level  of  both  yield  stress  and  ultimate 
strength  of  90/0/90°  laminates  to  a considerable  degree.  Ultimate 
strength  decreased  continuously  with  an  increasing  amount  of  water 
absorption  (Figure  3).  Yield  stress  increased  initially  and  then  de- 
creased, thus  to  form  a broad  maximum  around  the  point  of  0.2%  weight 
gain  (Figure  4).  On  the  other  hand,  no  significant  change  was  ob- 
served in  the  values  of  moduli  before  and  after  yielding  due  to  water 
absorption  (Figure  5). 

As  shown  earlier,  the  yield  stress  is  very  important  from  the 
viewpoint  of  both  the  design  limit  of  the  material  and  the  resistance 


Figure  3.  Effect  of  water  absorption  on  the  ultimate  tensile  strength  of  a 90/0/90°  laminate. 


Figure  4.  Effect  of  water  absorption  on  the  tensile  yield  stress  of  a 90/0/90°  laminate. 
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Figure  5.  Effect  of  water  absorption  on  the  tensile  modulus  of  a 90/0/90°  laminate. 


to  water  absorption.  Considering  this,  discussion  will  be  directed  to 
the  effect  of  water  absorption  on  the  yield  stress.  Since  the  yield 
stress  is  closely  associated  with  the  failure  of  the  90°  lamina,  dis- 
cussion will  start  with  the  description  of  the  deformation  mechanism 
of  90/0/90°  laminates  in  uniaxial  tension. 

Compared  to  other  angle-ply  laminates  (8),  90/0/90°  laminate 
exhibits  a relatively  simple  failure  pattern  under  uniaxial  tension. 

As  the  laminate  is  deformed,  all  laminae  which  have  been  prestrained 
due  to  interlaminar  residual  fabrication  stresses  are  subjected  to 
the  same  external  (in-plane)  strain.  In  the  initial  stage  of  loading, 
the  whole  laminate  deforms  linearly.  With  continued  loading,  the 
strain  (sum  of  prestrain  and  external  strain)  reaches  a critical  level 
and  a translaminar  failure  by  cracking  parallel  to  fibers  occurs  in 
the  90°  lamina.  The  failure  of  90°  laminae  reduces  their  share  of 
load  and  transfers  it  to  the  unbroken  portion  of  the  laminate.  As  a 
consequence,  the  stress-strain  curve  showed  a marked  reduction  of  lam- 
inate modulus  above  the  yield  point  (Figure  la). 

During  the  testing  it  was  observed  that  the  successive  occur- 
rence of  translaminar  cracks  (accompanied  by  acoustic  emission)  started 
in  the  90°  laminae  slightly  past  the  yield  point.  Delamination  was 
rarely  observed  at  the  junction  between  the  interlaminar  region  and 
the  translaminar  crack.  When  the  crack  density  became  relatively  high 
in  the  90°  laminae,  cracks  started  to  form  also  in  the  0“  lamina. 

After  "whitening"  of  all  laminae  by  densely  populated  cracks,  the  lam- 
inate continued  to  deform  until  catastrophic  failure  occurred  across 
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the  fibers  in  the  0°  lamina.  At  catastrophic  failure,  extensive  de- 
lamination took  place  between  the  0°  and  the  90°  laminae.  The  whole 
failure  pattern  described  above  was  not  affected  by  water  absorption 
despite  the  change  in  the  level  of  yield  stress  and  ultimate  strength. 

Based  on  the  observed  behavior,  it  can  be  assumed  that  the 
yielding  of  the  90/0/90°  laminate  is  governed  primarily  by  the  failure 
of  90°  lamina.  Since  the  90°  lamina  is  prestrained  by  the  interlam- 
inar residual  stress  and  strained  externally  by  the  applied  load  with 
the  restraint  of  the  0°  lamina,  the  following  properties  play  a domi- 
nant role  in  the  determination  of  yield  strain  of  the  laminate: 

(1)  failure  strain  of  unrestrained  90°  lamina,  i.e.,  trans- 
verse ultimate  strain  of  unidirectional  lamina, 

(2)  degree  of  bonding  between  90°  and  0°  laminae  (which  con- 
trols the  degree  of  load  transfer  between  the  laminae) , and 

(3)  prestrain  in  the  90°  lamina  due  to  the  interlaminar 
residual  stress. 

If  the  interlaminar  bonding  is  strong  enough  to  preclude  de- 
lamination before  the  failure  of  90°  lamina,  the  yield  strain  can  be 
approximated  as  a difference  between  (1)  the  failure  strain  of  90° 
lamina  without  restraint  and  (2)  the  prestrain  in  the  90°  lamina, 
assuming  negligible  Poisson's  ratio  effects  (Figure  lb). 

Therefore,  the  possible  change  in  each  of  the  above-mentioned 
properties  must  be  investigated  to  explain  the  change  of  yield  strain 
(or  stress)  by  water  absorption.  So  far  the  effect  of  water  absorp- 
tion on  the  interlaminar  residual  stress  and  the  failure  stress  of  90° 
lamina  has  been  examined  by  separate  experiments.  The  results  are 
presented  in  the  following  three  sections. 

A.  Effect  of  Water  Absorption  on  the  Interlaminar  Residual  Stress 
of  90/0/90°  Laminate 

When  a crossply  laminate  made  up  of  0°  and  90°  laminae  is 
cooled  down  from  the  cure  temperature  to  room  temperature,  90°  laminae 
having  higher  thermal  expansion  coefficients  try  to  shrink  more  than  0° 
laminae  along  the  0°  direction.  If  the  same  dimensional  contraction  is 
dictated  by  strong  bonding  between  the  laminae,  each  lamina  will  be  in 
a state  of  interlaminar  residual  stress.  Although  the  isothermal  con- 
traction of  each  lamina  due  to  the  resin  shrinkage  in  the  curing 
process  can  influence  the  residual  stress,  its  effect  is  probably 
negligible  because  of  stress  relaxation  at  the  high  curing  temperature 
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(e.g.,  163  C in  E glass/1009  resin  system);  the  interlaminar  residual 
stress  results  mainly  from  the  restraint  against  the  differential 
contractive  strain  of  0°  and  90°  laminae  during  the  cooling. 

Interlaminar  residual  stress  can  be  partially  relieved  by  the 
distortion  (warpage)  of  the  laminate  (9,10).  In  actual  crossply  lam- 
inates, the  distortion  is  avoided  by  mid-plane  symmetry  (e.g.,  90/0/ 
90/0/90/0/90°).  In  this  case  the  distortional  forces  exerted  by  all 
individual  laminae  will  be  balanced  and  no  out-of-plane  warping  will 
occur.  Therefore,  in-plane  shear  stresses  cannot  occur  in  the  indi- 
vidual laminae  (11),  and  only  normal  stresses  are  possible:  90° 
lamina  in  tension  and  0°  lamina  in  compression  along  the  0°  (load) 
direction.  No  warpage  was  in  fact  observed  in  the  90/0/90°  symmetric 
laminates  used  in  this  study. 

In  this  work,  the  differential  contractive  strain  of  0°  and 
90°  laminae  was  estimated  two-dimensionally  by  measuring  the  degree 
of  warpage  in  an  unbalanced  laminate.  In  order  to  obtain  unbalanced 
0/90°  laminate  specimens,  the  top  laminae  were  removed  from  the 
90/0/90°  laminate  specimens  which  had  been  immersed  in  water  for 
various  periods  of  time.  The  curvature  of  each  0/90°  specimen  was 
measured  assuming  the  arc  of  the  now  warped  specimen  to  be  circular. 
The  results  showed  that  the  curvature  of  0/90°  specimens  decreased  in 
a nearly  linear  fashion  with  increasing  amount  of  water  absorption 
(Figure  6). 


Figure  6.  Effect  of  water  absorption  on  the  curvature  of  a 0/90°  laminate. 
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There  have  been  several  equations  derived  to  relate  the  cur- 
vature of  unbalanced  laminates  to  the  differential  thermal  strain  of 
the  constituent  laminae  (9,10,12,13).  The  simplest  of  this  is 
Timoshenko's  bimetallic  thermostat  equation  which  was  derived  from 
the  strain  energy  consideration  (12).  Although  this  equation  ignores 
the  local  shear  interaction  between  the  laminae,  it  is  shown  to  agree 
reasonably  well  with  the  more  rigorous  solutions  (13)  for  a very  thin 
laminate  (with  the  thickness-to-length  ratio  less  than  0.05).  Since 
the  0/90°  specimens  of  this  study  have  a thickness-to-length  ratio 
less  than  0.005,  Timoshenko's  equation  was  used  in  the  calculation  of 
differential  strain  of  0°  and  90°  laminae  (14).  The  following 
assumptions  were  made: 

(1)  linear  elastic  behavior  of  0°  and  90°  laminae, 

(2)  perfect  bonding  between  the  laminae,  and 

(3)  negligible  Poisson's  effect. 

The  calculation  of  differential  strain  requires  values  of 
tensile  moduli  of  90°  and  0°  laminae.  The  modulus  of  each  90°  and  0° 
lamina  which  was  removed  from  the  immersed  laminate  specimens  was 
measured  and  found  to  be  relatively  unchanged  by  water  absorption  up 
to  the  point  of  0.4%  weight  gain  (Figure  7).  Using  the  average  values 
of  moduli  of  90°  and  0°  laminae,  the  differential  strain  (A-d/do)  of 
0°  and  90°  laminae  was  calculated  from  the  curvature  of  0/90°  specimens. 
Figure  8 shows  that  the  differential  contraction  of  0°  and  90°  laminae 
due  to  cooling  decreased  linearly  with  increasing  amount  of  water  ab- 
sorption. This  phenomenon  could  be  explained  by  one  or  more  of  three 
factors. 


Figure  7.  Effect  of  water 
absorption  on  the  tensile 
modulus  of  0°  and  90° 
laminae. 
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Figure  8.  Effect  of  water  absorption  on  the  calculated  differential  strain  of  0°  and  90°  laminae. 

(1)  Reduction  in  the  modulus  of  90°  lamina  due  to  the  "plas- 
ticization" of  matrix  resin  by  water  absorption.  (Water  molecules 
can  disrupt  intermolecular  bonding  forces  of  resin  thus  shifting  its 
transition  temperatures.) 

(2)  Reduction  in  the  degree  of  interlaminar  bonding. 

(3)  Development  of  differential  expansive  strain  of  0°  and 
90°  laminae  by  swelling  of  matrix  resin. 

The  first  factor  can  be  dismissed  based  on  the  data  which 
showed  no  significant  change  in  the  modulus  of  90°  lamina  by  water 
absorption  (Figure  7).  Presumably,  the  reduction  in  the  glass  transi- 
tion temperature  of  matrix  resin  by  water  absorption  has  a negligible 
effect  on  the  value  of  room  temperature  modulus  up  to  the  point  of 
0.4%  weight  gain  (1.6%  weight  gain  in  the  resin  phase  assuming  no 
water  absorption  of  other  components). 

In  the  unbalanced  laminate,  general  or  intermittent  loss  of 
interlaminar  bonding  can  partially  relieve  interlaminar  residual 
stress,  thereby  resulting  in  a lower  degree  of  warpage.  Loss  of  in- 
terlaminar bonding  by  water  absorption  is  theoretically  possible 
through  debonding  between  the  fiber  (of  0°  lamina  closest  to  the 
interlaminar  region)  and  resin  at  the  interlaminar  region.  However, 
with  weaker  interlaminar  bonding,  it  is  also  possible  for  the  cracks 
to  propagate  more  easily  along  the  interlaminar  region  under  external 
force.  In  the  laminate  system  reported  here,  no  increasing  tendency 
toward  coupling  between  the  delamination  and  the  translaminar  crack 
formation  could  be  observed  with  increasing  amounts  of  water  absorp- 
tion. This  fact  discredits  indirectly  a possible  contribution  of  the 
second  factor  to  the  reduction  of  calculated  differential  strain  of 
the  0°  and  90°  laminae. 
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With  present  information,  the  third  factor  is  most  likely  to  < 

explain  the  reduction  of  differential  contraction.  Ishai  observed 
anisotropic  volume  expansion  behavior  of  unidirectional  composites  by 
water  absorption  (15).  According  to  his  results,  a glass  fiber/epoxy 
resin  lamina  shows  a considerable  volume  expansion  perpendicular  to 
the  fiber  direction  by  water  absorption.  Likewise,  the  same  lamina 
shows  a negligible  amount  of  volume  expansion  along  the  fiber  direc- 
tion. Based  on  his  data,  it  can  be  postulated  that  the  differential 
expansion  of  0°  and  90°  laminae  due  to  swelling  has  the  opposite 
effect  on  the  differential  contraction  due  to  cooling. 

Without  taking  into  account  the  differential  expansion  due 
to  swelling  observed  by  Ishai,  the  reduction  of  interlaminar  residual 
stress  arising  from  the  reduction  of  differential  contraction  of  0°  and 
90°  laminae  by  water  absorption  can  be  estimated.  The  interlaminar  j 

residual  stress  was  calculated  two-dimensional ly  using  a simplified 
model  by  Thompson  (14,16).  His  analysis  showed  that  the  interlaminar 
residual  stress  in  the  90°  lamina  along  the  0°  direction  (as  an 
integrated  average  value  through  the  lamina  thickness)  is  given  by:  < 

0r  90°  = t (A£/£o}  E90o^1  + ^E90°  A90°/E0o  A0°-* 

(a£/£q  = differential  strain  of  0°  and  90°  laminae,  E = modulus,  A = 
cross-sectional  area).  The  tensile  prestrain  (or  90°/E90°)  in  90° 
lamina  could  be  calculated  from  the  interlaminar  residual  stress 
(ar  go0)  in  3 straightforward  manner.  The  tensile  prestrain  in  the 
90°  lamina  calculated  as  above  showed  a linear  decrease  with  increas- 
ing amount  of  water  absorption.  It  reflects  clearly  the  relaxation 
of  interlaminar  residual  stress  by  water  absorption.  , 

B.  Effect  of  Water  Absorption  on  the  Failure  Stress  of 
Unrestrained  90°  Lamina 

I 

Under  uniaxial  tension,  the  90°  lamina  specimen  deforms  lin- 
early in  the  initial  stage;  however,  it  later  exhibits  nonlinear  j 

deformation  before  final  failure  (Figure  la).  The  results  based  on 
testing  of  90°  lamina  removed  from  the  laminate  show  that  the  magni- 
tude of  nonlinearity  increased  substantially  by  water  absorption 
(Figure  9).  On  the  other  hand,  the  failure  stress  (or  strain)  of 
90°  lamina  showed  a broad  maximum  around  the  point  of  0.2%  weight 
gain,  as  in  the  case  of  yield  stress  of  90/0/90°  laminate.  The  com- 
plete explanation  of  these  phenomena  will  comprise  future  work  ("The 
Effect  of  Static  Immersion  in  Water  on  the  Tensile  Strength  of  a 
Lamina") . 
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Figure  9.  Effect  of  water  absorption  on  the  failure  stress  of  a 
90°  lamina  without  the  restraint  of  a 0°  lamina. 

C.  Prediction  of  the  Change  in  Yield  Stress  of  90/0/90° 

Laminate  Induced  by  Water  Absorption 

In  the  two  previous  sections,  the  effect  of  water  absorption 
on  the  interlaminar  residual  stress  of  90/0/90°  laminates  and  the 
failure  stress  of  unrestrained  90°  lamina  was  discussed.  Based  on  a 
two-dimensional  model,  the  tensile  prestrain  in  the  90°  lamina  due  to 
the  interlaminar  residual  stress  was  predicted  to  decrease  continuously 
with  increasing  amount  of  water  absorption.  The  change  in  tensile 
failure  stress  or  strain  of  90°  lamina  without  the  restraint  of  0° 
lamina  by  water  absorption  was  also  observed.  The  next  task  is  to 
predict  the  change  in  yield  stress  of  a 90/0/90°  laminate  based  on 
the  above  information. 

As  shown  in  the  earlier  discussion,  if  the  interlaminar  bond- 
ing is  perfectly  strong  (no  delamination  before  lamina  failure),  the 
yield  strain  of  90/0/91 0 laminate  can  be  approximated  as  ef  90°-£r  90°, 
assuming  negligible  Poisson's  effect  (Figure  lb)-.  The  yield  stress  of 
90/0/90°  laminate  can  be  obtained  from  the  values  of  £f  90°,  er  90°, 
and  Ego/o/90°  (Pi£ure  10)-  Although  the  values  of  ef  90°  could  be 
estimated  directly  from  the  stress-strain  curve,  the  calculated  values 
of  of  90°/E90°  were  used  instead  to  minimize  the  effect  of  nonlinearity. 

The  calculated  change  in  yield  stress  of  90/0/90°  laminate  by 
water  absorption  is  shown  as  a dotted  line  in  Figure  4.  While  based  on 
limited  data,  the  prediction  of  the  change  in  yield  stress  is  relatively 
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close  at  lower  amounts  of  water  absorption.  But  with  greater  water  ab- 
sorption, the  experimental  data  points  deviate  from  the  prediction 
somewhat.  Aside  from  the  experimental  errors  (weight  gain,  curvature 
of  0/90°  specimens,  failure  stress  of  90°  lamina,  etc.),  two  factors 
are  considered  to  be  responsible  for  the  deviation: 

(1)  higher  degree  of  nonlinearity  in  the  stress-strain  curve 
of  90°  lamina  with  increasing  amounts  of  water  absorption,  and 

(2)  possible  change  in  the  Poisson's  ratio  of  90°  lamina  by 
water  absorption. 

CONCLUDING  REMARKS 


This  report  describes  studies  to  determine  the  effect  of  water 
absorption  on  the  tensile  strength  of  90/0/90°  laminates.  The  ultimate 
strength  was  found  to  decrease  continuously  with  increasing  amounts  of 
water  absorption.  Yield  stress  first  increased  and  then  decreased  to 
form  a broad  maximum.  Investigation  focused  on  the  question  of  how  and 
why  the  yield  stress  shows  a maximum  at  a certain  amount  of  water 
absorpt'on. 

Based  on  the  curvature  measurements  of  unbalanced  laminates 
and  the  two-dimensional  theoretical  model,  a prediction  was  made  of 
the  relaxation  of  interlaminar  residual  stress  in  the  laminate  by 
water  absorption.  The  change  in  failure  stress  of  an  unrestrained  90° 
lamina  arising  from  water  absorption  was  also  observed  experimentally. 

Assuming  perfect  bonding  between  the  laminae,  the  change  of  yield 
stress  could  be  predicted  by  overlapping  the  decrease  of  interlaminar 
residual  stress  (as  a prestress)  and  the  change  of  failure  stress  of 
90°  lamina. 

' * 1 
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It  was  found  that  the  relaxation  of  interlaminar  residual 
stress  by  water  absorption  does  not  result  from  the  reduction  of 
modulus  of  90°  laminae.  Presumably,  the  reduction  in  the  glass 
transition  temperature  of  the  matrix  resin  by  water  absorption 
(plasticization)  has  negligible  effects  on  the  value  of  room  tem- 
perature modulus.  Anisotropic  volume  expansion  of  the  laminae  by 
water  absorption  is  considered  to  be  responsible  for  the  relaxation 
of  interlaminar  residual  stress. 
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Growing  public  and  governmental  concern  for  the  overall  dete- 
rioration of  the  environment  has  led  to  laws  regulating  the  release  of 
potentially  toxic  materials  into  the  air  or  water.  However,  the  result- 
ing pollution  control  processes  also  produce  large  quantities  of 
potentially  hazardous  wastes.  The  Department  of  Defense,  a leader  in 
pollution  control  and  site  reclamation,  is  concerned  about  monitoring 
for  the  possible  release  of  toxic  components  from  wastes  produced  at 
installations  engaged  in  explosives  manufacturing,  electroplating 
operations,  chemical  weapons  demilitarization,  etc.  Toxic  materials 
may  be  present  in  the  liquid  fraction  of  a waste,  or  in  the  leachate 
produced  by  rain  or  surface  water  percolating  through  a solid  waste. 

As  these  solutions  soak  through  the  soil  they  eventually  can  reach  the 
ground  water  and  present  a hazard  to  water  users. 

The  migration  of  chemical  substances  through  soil  is  usually 
determined  in  the  laboratory  using  columns  packed  with  soil  to  a pre- 
determined bulk  density.  These  soil  columns  are  challenged  with  a 
solution  extracted  from  a waste  by  water  or  some  other  solvent  such  as 
municipal  landfill  leachate,  or  the  soil  is  treated  with  simple  solu- 
tions of  the  ion  under  study.  A useful  configuration  is  shown  in 
Figure  1,  along  with  typical  plots  of  the  data  obtained  from  continu- 
ously-leached columns.  (This  example  illustrates  the  case  where  the 
concentration  of  the  compound  of  interest  is  reduced  by  passing  through 
the  soil.)  Besides  requiring  close  attention  to  regulating  flow-rate, 
an  important  limitation  of  continuously-leached  column  experiments  is 
the  time  and  effort  required  to  obtain  and  analyze  a sufficient  number 
of  samples  to  make  predictions  of  migration  rates  and  of  the  toxic  haz- 
ards that  could  result  from  leaching  the  waste.  This  usually  requires 
months  and  may  even  take  years,  depending  upon  the  flow-rate  of  the 
leaching  solution  through  the  column.  The  information  obtained  from  a 
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Figure  1.  Continuously-leached  columns  and  associated  output  plots. 


relatively  short-term  column  study  cannot  be  expected  to  describe  what 
will  occur  during  years  of  leaching. 

An  Army  activity  wishing  to  evaluate  the  potential  hazard 
from  the  disposal  of  a waste  is  faced  not  only  with  the  problem  of 
obtaining  valid  results  in  a reasonable  length  of  time  but  also  with 
designing  experiments  that  adequately  represent  the  field  situation. 

An  investigator  must  select  values  for  each  experimental  parameter  such 
as  leaching  solvent  flow-rate,  head  pressure,  soil  bulk  density,  column 
diameter,  waste-to-soil  ratio,  leaching  time,  etc.  The  choice  of  these 
values  may  not  all  be  entirely  arbitrary,  but  a given  set  will  yield 
results  which  probably  apply  only  to  that  particular  combination  of 
conditions  and  the  experiment  may  not  be  very  useful  for  making  general 
predictions  cf  the  migration  of  chemical  compounds  through  soil. 

By  having  a more  rapid  and  flexible  experimental  approach,  a 
wider  range  of  conditions  can  be  investigated  within  the  framework  of 
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factorial  experiment  designs  which  do  allow  making  predictions  even  in 
the  presence  of  statistical  interaction  between  multiple  variables.  A 
fast  method  also  allows  making  timely  determinations,  on  demand,  for 
each  specific  situation. 

A graded  serial  batch  procedure  which  is  rapid  and  widely 
applicable  has  been  developed  in  this  laboratory.  To  validate  this  pro- 
cedure, it  first  was  necessary  to  establish  a correlation  between  the 
batch  procedure  and  continuously-leached  columns.  Experimental  compar- 
isons obtained  were  good  and  a consideration  of  the  plotting  parameters 
(discussed  below)  showed  that  this  new  approach  could  accelerate  the 
testing  of  waste  leachability  and  contaminant  movement  through  soils. 
The  procedure  also  normalizes  the  results  so  they  can  be  correlated  to 
a range  of  field  conditions.  Some  elements  of  this  study  have  been 
corroborated  by  investigations  conducted  elsewhere. (2,3) 

CORRELATING  CONTINUOUS  AND  BATCHWISE  LEACHING 

The  data  obtained  from  continuously  leached  columns  may  be 
presented  in  several  ways.  One  technique  is  to  plot  the  concentration 
of  the  chemical  of  interest  found  in  the  waste  or  soil  column  sample 
versus  the  cumulative  volume  through  the  column.  The  common  way  of 
expressing  the  cumulative  volume  is  to  use  the  cumulative  pore  volume 
calculated  for  the  type  and  weight  of  soil  employed.  (The  pore  volume 
is  the  interstitial  void  in  a volume  of  soil,  and  the  total  void  space 
depends  upon  soil  type  and  mass.)  The  scale  of  the  cumulative  volume 
axis  therefore  changes  for  different  soil  types  and  sample  sizes  when 
pore  volume  is  employed.  Figure  2 is  an  example  showing  the  difference 
obtained  with  pore  volumes  of  40  and  60  milliliters.  The  corresponding 
total  volume  in  milliliters  is  appended  for  comparison. 

It  often  is  not  practical  or  possible  to  determine  a pore 
volume  for  a waste  due  to  its  physical  form  (heterogeneous  suspension, 
liquid,  etc).  Using  the  soil  column  pore  volume  as  the  measure  of  liq- 
uid volume  through  the  waste  allows  correlating  the  waste-column  output 
with  the  soil-column  results  in  a given  set  of  experiments.  However, 
instead  of  using  the  soil  pore  volume  as  the  principle  plotting  para- 
meter, it  is  much  more  flexible  to  plot  the  observed  concentration  of  a 
chemical  in  an  extract  versus  the  cumulative  milliliters  of  leaching 
solvent  per  gram  of  waste  or  soil.  This  makes  the  scaling  independent 
of  soil  type,  soil  sample  weight,  and  waste-to-soil  ratio,  and  allows 
the  direct  comparison  of  many  different  designs  of  experiments.  The 
area  under  the  curve  represents  the  total  weight  of  a chemical  extract- 
ed per  gram  of  waste  or  soil. 

Batchwise  extractions  can  be  related  to  continuously-leached 
columns  by  recognizing  that  continuous  leaching  is  equivalent  to  run- 
ning a series  of  discrete  extractions  spaced  by  the  frequency  of  col- 
lecting the  effluent  sample.  Figure  3 shows  that  the  concentration  of 
the  periodic  column  samples  can  be  plotted  to  represent  the  average  for 
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Figure  2.  Differences  in  scales  used  to  plot  cumulative  volume. 

that  sampling  period.  Thus,  samples  from  the  continuous  leaching  of  a 
column  correspond  to  sequential  batchwise  extractions  by  volumes  of 
extractant  equal  to  the  volume  passing  through  a column  between  the 
taking  of  samples. 

When  extracting  a batch  of  waste  or  soil,  instead  of  using 
the  same  volume  of  solvent  for  each  successive  extraction,  the  solvent- 
to-waste  or  -soil  ratios  can  be  graded  in  size  as  indicated  by  the 
extraction  volumes  pictured  in  Figure  4.  A small  solvent-to-solids 
ratio  should  probably  always  be  employed  for  the  first  extractions; 
this  is  when  the  soluble  species  will  be  the  most  highly  concentrated 
in  the  extract  and  the  ionic  strength  will  be  at  its  maximum.  Greater 
dilutions  would  reduce  this,  possibly  affecting  the  solubility  of  other 
components.  After  the  more  soluble  components  have  been  extracted,  the 
i solvent-to-solids  ratio  can  be  greatly  increased,  thus  reducing  the 

total  number  of  extractions  required.  The  further  along  the  cumulative 
milliliters  per  gram  axis  that  the  extraction  volumes  extend,  the 
longer  the  period  of  column  leaching  the  batch  work  is  equivalent  to. 

Since  batch  extractions  are  quite  rapid  compared  to  letting 
• the  liquid  percolate  through  a column,  sequential  batch  extractions  can 

be  the  basis  for  accelerated  testing  of  wastes  and  soils.  By  relating 
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Figure  3.  Relation  between  batch  extractions  and  continuously-leached 
columns . 

the  rate  of  liquid-front  movement  to  the  volume  flow  rate  per  unit  time, 
a scale  of  equivalent  contact  time  can  be  added  parallel  to  the  axis 
labeled  cumulative  volume  per  gram,  as  shown  in  Figure  4.  (The  devel- 
opment of  this  concept  is  discussed  in  detail  elsewhere.)  O)  Table  1 
lists  the  cumulative  volume,  in  milliliters  per  gram,  for  the  liquid-to- 
solid  ratios  employed,  together  with  the  equivalent  exposure  time  for 
liquid  front  velocities  of  1 x 10~4,  10“5,  and  10~6  centimeters  per 
second . 

THE  GRADED  SERIAL  BATCH  EXTRACTION  OF  WASTES  AND  SOILS 

The  waste  composition  changes  as  components  are  leached  from 
the  waste.  Each  succeeding  portion  of  extract  will  therefore  generally 
have  a different  composition.  Besides  being  challenged  by  a changing 
solution,  the  soil's  ion-removal  characteristics  continually  change 
with  time  as  the  soil  becomes  conditioned  and  loaded  by  the  passage  of 
waste  extracts.  Since  each  portion  of  waste  is  changed  by  passage 
through  a segment  of  soil,  the  conditioning  each  succeeding  segment  of 
soil  receives  is  different  and  each  segment  therefore  may  remove  differ- 
ent proportions  of  the  various  ior.s  present  in  the  waste  extract.  So 
although  the  soil  segments  start  out  the  same,  in  effect  they  become 
different  soils  due  to  the  passage  of  the  different  waste  extracts. 

The  soil  removes  ions  from  the  waste,  but  the  waste  extract 
can  also  displace  ions  from  the  soil.  In  addition,  soil  can  pick  up  a 


aAt  the  specified  liquid  front  velocity  through  a typical  soil  having 
bulk  density  of  1.6  g/cc  and  a pore  volume  of  0.24  ml/g. 

specific  ion  from  a waste  solution  of  one  composition  and  then  give  it 
up  again  as  the  liquid  composition  changes.  The  soil  may  also  give  up 
ions  later  because  of  intervening  conditioning  of  the  soil  by  the  pas- 
sage of  the  changing  waste  extract  solution. 
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If  extract  samples  were  taken  within  a layer  of  soil,  it 
would  be  possible  to  study  this  dynamically-changing  situation.  This 
can  be  accomplished  by  placing  sampling  ports  in  the  side  of  a soil 
column,  as  shown  in  Figure  5.  The  same  result  can  be  attained  in  a 
shorter  time  with  far  fewer  equipment  difficulties  by  putting  waste 
extracts  on  successive  batches  of  soil  and  taking  a sample  after  each 
extraction.  A batch  of  soil  then  will  represent  a segment  of  soil  from 
a soil  layer. 

Normally,  the  distribution  of  substances  retained  by  the  soil 
column  is  determined  after  leaching  is  conducted  and  the  soil  column  is 


Figure  5.  Challenging  multiple  soil  segments  with  successive  extracts 


of  waste. 
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sectioned  and  analyzed.  But,  a serial  batch  approach,  with  sampling 
between  batches  of  soil,  yields  a real-time  picture  of  what  is  happen- 
ing within  a bed  of  soil  and  provides  data  which  could  allow  extrapola- 
ting to  the  effect  of  thicker  strata — something  which  cannot  be  done 
with  validity  from  experiments  with  only  a single  layer,  or  from  exper- 
iments which  use  artificially  simple  solutions.  It  is  re-emphasized 
that  batchwise  testing  also  yields  its  information  in  a small  fraction 
of  the  time  required  by  columns  or  field  studies. 

THE  EXPERIMENTAL  PROCEDURE 

A sequence  of  seven  extracts  was  made  from  each  type  of 
industrial  waste.  First,  a sample  of  waste  was  dried  to  determine 
moisture  content,  then  sufficient  undried  sample  to  give  300  grams  dry 
weight  was  weighed  into  a 2-quart,  wide-mouth  screw  cap  jar.  (Drying 
the  sample  could  affect  hydrated  species  and  drastically  reduce  the 
solubility.  If  the  waste  had  supernatant  water,  the  volume  of  the 
water  was  considered  as  part  or  all  of  the  first  extraction.)  Appro- 
priate volumes  of  water  were  added  for  each  extraction  to  produce  the 
liquid- to-solid  ratio  given  in  the  second  column  of  Table  2.  The  bottle 
was  shaken  gently  four  or  five  times  each  day.  (Continual  mechanical 
shaking  was  not  used  because  of  concern  that  it  might  abrade  the  waste 
agglomerates,  making  them  more  susceptible  to  extraction.)  The  time 
required  to  reach  equilibrium  can  be  determined  by  periodically  with- 
drawing an  aliquot  for  analysis;  24  hours  is  adequate  for  most  wastes 
of  small  particle  size.  At  the  end  of  each  extraction  period,  the  mix- 
ture was  filtered  under  vacuum  using  a hardened  filter  paper  (such  as 
Whatman  54)  in  a Buchner  funnel.  An  aliquot  of  approximately  20 


TABLE  2. 

Specifications  for  Serial  Batch  Extractions 


Extraction 

Number 

Water 
Added , 
ml/ g 

Volume  of 
Water,  ml. 
Extracting 
300  g Waste 

Volume  of 

Filtrate  Onto  a Soil| 

I 

60  g 
Soil 

II 

30  g 
Soil 

III 

15  g 
Soil 

1 

2 

600 

120 

60 

2 

3 

900 

180 

90 

3 

6 

360 

4 

12  . 

720 

5 

24 

6 

48 

rVTj^H 

2,800 

7 

96 

5,760 

1,440 

milliliters  was  withdrawn  for  analysis  and  filtered  through  a 0.5  y 
Millipore  filter  to  remove  fine  particulates  which  might  have  bypassed 
the  filter  paper  to  possibly  dissolve  when  the  sample  was  acidified. 
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(After  measuring  conductance  and  pH,  one  percent  concentrated  nitric 
acid  was  added  to  inhibit  precipitation  while  standing.)  The  solid 
waste  residue  was  transfered  back  to  the  jar  and  mixed  with  the  volume 
of  water  specified  for  the  next  extraction. 

In  the  procedure  detailed  here,  the  liquid-to-solid  ratio  was 
continually  increased  to  further  accelerate  the  testing — the  volume  of 
each  extraction  after  the  second  one  was  made  double  the  one  before, 
which  redoubles  the  time  represented  by  that  extract.  With  some  wastes 
adequate  results  may  be  obtainable  from  using  very  large  volumes  right 
from  the  first  (or  one  or  two  extractions  using  small  liquid-to-solid 
ratios,  followed  by  a very  large  one)  but  this  would  have  to  be  checked 
for  each  kind  of  waste.  However,  this  procedure  will  allow  rapid  simu- 
lation of  long  leaching  periods  and  could  be  useful  in  the  routine 
monitoring  of  variations  in  waste  composition  and  leachability . (4) 

The  filtrate  resulting  from  each  sequential  extraction  of  the 
waste  was  mixed  with  the  first  of  three  batches  of  each  kind  of  soil. 
The  weights  of  soil  used  were  60,  30,  and  15  grams,  representing  sec- 
tions I,  II,  and  III,  respectively.  This  gradation  in  weight  allows 
taking  an  aliquot  of  the  extract  for  analysis  and  having  enough  left 
over  to  challenge  the  next  soil  batch  with  the  same  liquid-to-solid 
ratio.  Extracting  300  grams  of  waste  yields  sufficient  solution  to 
challenge  three  different  kinds  of  soil  in  experiments  set  up  with  the 
proportions  stated  in  Table  2. 

Although  the  soil  equilibrates  in  6 hours  or  less^  , each 
solution  was  kept  in  contact  with  the  batch  of  soil  before  filtration 
for  the  same  length  of  time  as  used  to  extract  the  waste.  This  was  to 
keep  the  samples  progressing  smoothly  without  gaps  in  the  series.  After 
filtering  the  soil  extract,  an  aliquot  was  refiltered  through  Millipore 
and  saved  for  analysis.  The  appropriate  volume  of  the  remaining  fil- 
trate was  added  to  the  next  batch  of  soil.  The  soil  exposed  to  the 
first  waste  extract  was  recovered  and  mixed  with  the  second  waste 
extract  in  the  series.  This  was  repeated  until  the  waste  had  been 
extracted  seven  times  and  each  waste  extract  had  progressed  through  all 
three  soil  batches.  This  procedure  was  run  in  duplicate. 

APPLICATION  OF  THE  BATCH  TECHNIQUE  TO  INDUSTRIAL  WASTES 

Two  industrial  wastes  of  widely  divergent  characteristics 
were  carried  through  a series  of  seven  batch  extractions.  The  resulting 
extracts  were  used  to  challenge  three  different  kinds  of  soils.  The 
extract  samples  were  analyzed  to  determine  the  amount  of  each  ion  of 
interest,  the  pH,  and  the  conductivity  at  every  stage  of  the  batch 
tests.  In  about  two  weeks  of  laboratory  work  with  each  waste,  these 
experiments  simulated  approximately  1.6  years  of  leaching  under  field 
conditions  that  give  a liquid  front  velocity  of  1 x 10-5  cm/sec.  An 

eighth  extraction  would  have  extended  this  to  the  equivalent  of  three 
years  in  the  field.  The  composition  of  the  wastes  and  soils  are 
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detailed  below,  together  with  the  interpretation  of  the  experimental 
results. 

WASTE  COMPOSITION 

a.  Elemental  Phosphorus  Production  Waste.  This  waste  orig- 
inated from  the  production  of  elemental  phosphorus  by  the  electric 
furnace  method.  First,  the  ore  is  dried  and  calcined  in  a kiln  and 
gases  containing  phosphorus,  fluorides,  and  fuel  decomposition  products 
are  emitted.  These  gases  are  passed  through  a water  scrubber  and  the 
resulting  liquor  is  treated  with  lime  to  precipitate  these  compounds. 
The  solid  fraction  of  the  waste  is  composed  primarily  of  calcium  phos- 
phate, calcium  fluoride,  calcium  sulfate,  and  unreacted  lime.  The 
species  of  interest  in  the  waste  leaching  and  soil  migration  study  were 
inorganic  phosphorus  (probably  present  as  phosphates)  and  fluoride. 
These  anions  were  present  in  a slurry  of  high  alkalinity  (pH  12.7). 

b.  Zinc-Carbon  Battery  Rejects.  This  waste  consists  of 
broken-open  reject  batteries.  (Approximately  one  percent  of  the  bat- 
teries produced  are  rejected.)  The  extract  samples  were  analyzed  for 
the  mercury,  zinc,  cadmium,  and  lead  leached  from  the  batteries.  These 
cations  were  present  in  a solution  only  slightly  above  neutrality  (pH 
7.5). 

c.  Soil  Composition.  Three  soils  were  investigated  For  their 
ability  to  remove  the  metals  of  interest  from  extracts  of  the  two 
wastes.  The  soils  chosen  were  Chalmers  (a  gray,  silty,  clay  loam  from 
Indiana,  a Mollisol) , Davidson  ( a red  clay  from  North  Carolina,  an 
Ultisol) , and  Nicholson  (a  yellow  silty  clay  from  Kentucky,  an  Alfisol) 
These  soils  were  selected  because  of  differences  in  their  chemical  pro- 
perties and  clay  mineralogy.  Chalmers  and  Nicholson  soils  have  similar 
surface  areas  but  the  higher  percentage  of  clay  in  the  Nicholson  soils 
yields  a higher  cation  exchange  capacity.  In  addition,  the  clay  miner- 
al composition  is  much  different.  The  Chalmers  clay  composition  is 
largely  montmorillonite,  with  very  small  amounts  of  vermiculite, 
chlorite,  and  kaolinite.  The  Nicholson  clay  fraction  is  predominately 
vermiculite  with  only  a trace  of  mica  and  kaolinite.  In  contrast, 
Davidson  soil  has  a low  surface  area  and  cation  exchange  capacity.  The 
clay  fraction  is  predominately  kaolinite  which  has  a significantly 
lower  cation  exchange  capacity  than  the  above  clays  but  this  soil  con- 
tains a higher  percentage  of  hydrous  oxides  of  iron.  It  has  been  shown 
that  iron  oxides  play  a major  role  in  heavy  and  trace  metal  removal.'®'' 

d.  Interpretation  of  Results.  Plotting  the  waste  output  as 
in  Figure  5 shows  the  depletion  of  the  waste  with  continued  leaching. 

To  show  the  effect  of  passing  the  waste  extract  through  soil,  the  his- 
togram of  Figure  6 is  more  useful.  It  presents  the  results  obtained 
from  extracting  a batch  of  waste  and  placing  these  solutions  in  suc- 
cession on  three  batches  of  soil.  (Multiplying  the  observed  concentra- 
tion in  micrograms/milliliter  by  the  individual  batch  extraction  volume 
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per  gram,  milliliter/gram, 
converts  the  values  to  micro- 
grams/gram of  waste  or  soil.) 
The  height  of  the  histogram 
bar  labeled  W represents  the 
micrograms  of,  e.g.,  phos- 
phorus extracted  per  gram  of 
waste.  This  is  the  challenge 
to  the  batch  representing 
soil  section  I.  The  height 
of  the  bar  labeled  I shows 
the  concentration  of  phos- 
phorus penetrating  the  batch 
representing  soil  section  I, 
and  the  difference  in  height 
between  I and  W is  the  amount 
of  phosphorus  retained  per 
gram  of  soil.  The  ratio  of 
(W-I)  to  W is  the  fraction 
removed  by  that  soil  section. 
Similarly,  I is  the  challenge 
to  II,  and  bar  II  shows  the 
penetration  through  II.  If 
the  fraction  of  phosphorus 
removed  by  each  soil  section 
is  different,  this  shows  that 
the  removal  characteristics 
of  the  soil  are  affected  by 
conditioning  and  by  changes 
in  the  extract.  This  can  be 
further  studied  by  comparing  the  histograms  for  the  different  extrac- 
tions. 


Figure  6. 


Histogram  showing  the  pene- 
tration and  retention  of  a 
species  by  soil. 


The  soil  batches  can  be  treated  in  pairs  as  above,  or  it  can 
be  considered  that  a given  amount  of  waste  has  challenged  three  differ- 
ent amounts  of  soil:  section  I,  section  I + II,  and  sections  I + II  + 
III.  Thus,  the  fraction  removed  can  be  calculated  for  three  different 
waste-to-soil  ratios. 

Because  the  fraction  removed  corresponds  to  the  ratio  of  the 
concentration  in  the  soil  to  the  concentration  in  the  solution,  this 
is  equivalent  to  the  distribution  coefficient,  which  is  the  slope  of 
the  adsorption  isotherm.  By  calculating  the  fraction  removed  for  each 
histogram  bar,  it  is  possible  to  follow  the  change  in  distribution 
ratio  (the  change  in  slope  of  the  adsorption  isotherm)  for  each  differ- 
ent waste-to-soil  ratio  and  for  each  serial  extraction  (which  show  the 
effect  of  the  changing  sample  matrix) . This  is  of  considerable 
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importance  for  modeling  and  for  making  predictions  of  contaminant  move- 
ment through  soils. 

Figure  7 is  a composite  plot  of  histograms  which  show  the 
extraction  of  inorganic  phosphorus  from  phosphorus  production  waste  and 
its  penetration  through  Davidson  and  Nicholson  soils.  (Chalmers  gave 
results  similar  to  Davidson  so  it  is  not  plotted  here.)  Although  flu- 
orine is  also  of  interest  in  this  waste,  phosphorus  is  used  here  as  the 
example.  Because  of  space  limitations,  only  four  of  the  seven  serial 
extractions  are  pictured.  Going  vertically  down  the  figure  viewing  any 
single  column  shows  how  the  extraction  and  penetration  of  phosphorus 
changes  as  the  leaching  progresses.  For  example,  the  W’s  show  a 
continuous  decrease  in  the  phosphorus  concentration  in  the  waste 
extract  as  the  leaching  continues. 

It  is  seen  that  neither  soil  is  effective  in  removing  inor- 
ganic phosphorus  from  this  waste  extract.  (When  the  histogram  bar  is 
higher  than  the  preceding  one,  it  shows  that  the  soil  is  releasing 
phosphorus.)  Davidson  is  slightly  more  effective  in  retarding  the 
phosphorus  movement  than  is  Nicholson  soil,  but  the  phosphorus  appears 
to  move  through  the  soil  as  a zone  similar  to  that  obtained  in  elution 
chromatography.  This  is  probably  due  to  the  high  pH  of  the  waste 
extract  (the  pH  ranged  from  12.7  to  11.6  in  the  four  batches).  This 
drastically  changed  the  environment  within  most  of  the  soil  batches  by 
changing  the  soil  pH  from  slightly  acid  to  strongly  basic.  This  condi- 
tion favors  the  mobility  of  anionic  species. 

The  soils  had  a much  different  effect  on  the  waste  extract 
from  the  zinc-carbon  batteries  than  on  the  phosphorus  waste  extract. 
Although  several  metal  ions  were  found  in  significant  concentrations  in 
the  battery  waste  leachate,  zinc  will  be  used  here  as  the  example.  Fig- 
ure 8 presents  a composite  plot  of  histograms  giving  the  penetration  of 
zinc  in  battery  extract  through  Davidson  and  Nicholson  soils.  (Chalmers 
soil  gave  nearly  the  same  results  for  zinc  as  did  Davidson  soil.)  Both 
soils  removed  significant  quantities  of  zinc  from  the  waste  extract, 
but  Davidson  soil  is  considerably  more  effective  than  is  Nicholson  soil. 
Although  Nicholson  soil  has  much  higher  surface  area  and  cation 
exchange  capacity  than  Davidson  soil,  the  iron  oxide  content  of  the 
Davidson  soil  is  much  higher  than  the  Nicholson.  This  is  one  of  the 
important  factors  in  removing  zinc.  The  pH  of  the  soil  extracts  was 
also  affected.  Even  though  the  first  waste  extract  bad  a pH  of  7.6, 
the  Nicholson  soil  extracts  from  batches  I, II,  and  III  were  quite  acid: 
pH  5.8,  4.5,  and  4.7,  respectively,  for  the  first  extract.  In  compari- 
son, the  first  Davidson  soil  extracts  were  pH  6.4,  6.3,  and  6.4.  The 
pH  of  the  extracts  from  both  soils  were  not  comparable  until  they  had 
been  exposed  to  the  fourth  waste  extract.  The  ability  of  Nicholson  soil 
to  remove  zinc  began  to  approach  the  removal  capability  of  Davidson 
soil  by  the  fourth  in  the  series  of  extractions,  either  because  of  a 
conditioning  of  the  Nicholson  soil  or  because  the  zinc  is  then  present 
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Figure  7.  The  extraction  and  penetration  through  soils  of  inorganic 
phosphorus  from  phosphorus  production  waste. 
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Figure  8.  The  extraction  and  penetration  through  soils  of  zinc  from 
zinc-carbon  batteries. 
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in  a waste  leachate  of  different  composition.  Release  of  zinc  from  a 
soil  section  is  shown  whenever  one  histogram  is  higher  than  a preceding 
bar.  Nicholson  soil  shows  a considerable  release  of  zinc  from  the  sec- 
ond and  third  soil  batches.  This  is  probably  zinc  taken  out  of  pre- 
vious extracts  but  later  released  by  the  soil  due  to  the  change  in 
composition  of  the  later  extracts  and  the  different  soil  history. 

CONCLUSION 

It  has  been  demonstrated  that  the  leaching  of  a waste  can  be 
characterized  and  the  ability  of  a soil  to  remove  a chemical  species 
from  the  waste  leachate  can  be  rapidly  evaluated  using  serial  batchwise 
extractions.  This  new  method  for  evaluating  a waste-soil  system  is  not 
only  much  faster,  it  gives  even  more  information  than  columns  about  the 
pickup  and  release  characteristics  of  soils  for  toxic  species  in  a 
dynamically  changing  situation.  The  batch  tec} ■ ique  is  also  far  more 
convenient  for  rapidly  investigating  the  effect  of  various  environmen- 
tal factors  and  lends  itself  to  evaluating  the  effects  of  other  vari- 
ables such  as  sunlight,  drying  or  freezing  cycles,  etc.,  via  factorial 
experiments. 

No  one  method  can  give  all  the  answers,  but  the  graded  serial 
batch  approach  can  quickly  provide  much  of  the  information  needed  to 
assess  the  categories  of  hazards  from  a class  of  wastes  and  to  make 
decisions  concerning  the  suitability  of  soil  types  for  inhibiting  the 
migration  of  hazardous  chemicals. 
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1 . INTRODUCTION 


This  paper  reports  on  the  develooment  of  a simulation  of  a 
constant  innut  torque  pin  pallet  runaway  escapement  by  the  present 
authors  [l]^-.  The  resulting  program  provides  a basic  tool  for  the 
analysis  and  synthesis  of  various  safing  and  arming  devices. 

The  dynamics  of  the  regimes  of  motion  of  the  escapement 
have  been  formulated.  Coupled  motion,  with  continuous  contact 
between  escape  wheel  tooth  face  and  pallet  pin,  impact  of  the  pin  on 
the  tooth  face  and  uncoupled,  or  free,  motion  of  these  mechanism  com- 
ponents were  considered.  The  associated  regime  equations  apply  to 
entrance  as  well  as  exit  conditions.  Sensing  expressions  for  the 
determination  of  the  instantaneous  positions  of  the  pallet  pin  and 
the  escape  wheel  form  the  basis  of  the  controls  of  the  computer  pro- 
gram. In  addition,  the  sensing  equations  indicate  the  presence  of 
such  pathological  conditions  as  tip  or  back  face  contact.  The  simu- 
lation has  been  applied  to  the  timing  mechanism  of  the  M525  fuze. 

The  influence  of  changes  in  such  narameters  as  escape  wheel  innut 
torque,  pallet  moment  of  inertia,  center  distance,  pallet  radius,  etc., 
on  the  mechanism  delay  time  have  been  explored  in  detail  by  appropri- 
ate computer  runs.  The  results,  which  are  shown  here,  compare 
favorably  with  existing  experimental  data. 

This  effort  represented  an  extension  of  the  work  of  M.  E. 
Anderson  and  S.  L.  Redmond  [2].  New  methods  of  contact  kinematics 

for  the  coupled  motion,  of  contact  sensing,  and  of  comnutational 
i[l]  Numbers  in  brackets  refer  to  refences  in  section  7. 


I 


LOWEN  & *TEPPER 


controls  were  developed. 

2 . DESCRIPTION  C?  MOTION  REGIMES  \w:  j 

The  following  describes  the  various  dynamic  re  ;-!es 
the  simulation,  together  with  the  applicable  sensing  parameters. 

A.  CCUPLF^  >,r)TTO?! 


Figure  1 shews  the  entrance  pallet  pin  as  it  is 
driven  in  coupled  motion  by  tooth  Eo.  1 of  the  escape  wheel.  mhe 
escape  wheel  angle  <f>  is  defined  by  the  line  from  the  escape  wheel 
pivot  0S  to  the  tip  of  the  contacting  tooth  (or  the  one  about  to 
make  contact)  and  the  center  line  connecting  0S  to  the  pallet  Divot 
Op.  Similarly,  the  angle  <f/ , which  is  defined  by  the  line  from  Op  to 
tne  active  pallet  pin  center  (entrance  or  exit)  and  the  center  line, 
describes  the  motion  of  the  pallet.  The  escape  wheel  is  driven  by  the 
constant  moment  T in  the  positive  direction  of  rotation.  While  it  is 
assumed  that  friction  acts  on  the  pallet  pin-escaoe  wheel  tooth  inter- 
face, it  is  neglected  at  both  pivot  pairs  since  investigation  showed 
that  its  effects  are  negligible  when  the  Divots  are  of  the  usual  small 
diameter.  The  mathematical  description  of  coupled  motion  is  furnished 
by  a non-linear  second  order  differential  equation  in  the  escape 
wheel  angle  <f>.  The  presence  of  the  pallet  is  reflected  back  to  the 
escape  wheel  in  terms  of  a position  dependent  moment  of  inertia. 


Entrance 

Side 


Side 


Figure  1 Coupled  Motion 
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The  quantity  g,  which  represents  the  distance  from  the 
contact  point  to  the  tip  of  the  escape  wheel  tooth,  is  used  to 
determine  the  progress  of  coupled  motion.  Once  the  angle  <p  has  been 
determined  from  the  solution  of  the  differential  equation,  both  <p 
and  g may  be  computed  from  appropriate  kinematic  relationships. 

B.  FREE  MOTION  ' 

* I 

When  coupled  motion  is  completed,  i.e.  g=0,  or  when 
separation  of  contact  occurs  after  impact,  escape  wheel  and  pallet 


tmove  independently  of  each  other  in  free  notion.  Figure  2 shows  this 
free  motion  for  the  exit  phase  of  the  action,  i.e.  the  exit  pallet 
pin  is  about  to  make  contact  with  tooth  Ho.  2 of  the  escape  wheel. 

The  constant  torque  T continues  to  act  on  the  escape  wheel,  while  the 
motion  of  the  pallet  depends  only  on  its  initial  conditions.  Again, 
any  frictional  retarding  moments  of  the  pivots  are  neglected.  The 
motions  of  both  components  are  represented  by  simple  linear  2nd  order 
differential  equations.  During  this  regime,  position  sensing  is 
accomplished  with  the  help  of  the  quantities  g'  and  f.  The  first  of 
these  quantities  represents  the  distance  of  the  pallet  pin  center  from 
the  tip  of  the  escape  wheel  tooth,  while  the  second  measures  the  dis- 
tance between  the  pallet  pin  and  the  tooth  face.  The  solutions  to  the 
individual  differential  equations  provide  the  angles  </>  and  ip . These 
are  used  to  determine  the  above  sensing  parameters. 

C.  IMPACT 


b 


Impact  follows  free  motion  when  both  f=0  and  g'<0 
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and  when  the  relative  velocity  between  the  contact  surfaces  warrants 
it.  (g'  is  negative  because  of  the  choice  of  the  coordinate  system.) 
Such  an  impact  usually  reverses  the  motion  cf  the  pallet  (see  Figure 
3)  and  under  certain  circumstances  also  temporarily  reverses  the 
motion  of  the  escape  wheel. 


Figure  l*  Impending  Entrance  Impact 

Figure  U shows  free  motion  for  the  subsequent  entrance  phase  of  the 
mechanism,  i.e.  the  top  pallet  pin  is  about  to  make  contact  with 
tooth  No.  3 of  the  escape  wheel.  The  simulation  recognizes  only 
contact  on  the  front  faces  of  the  escape  wheel  teeth.  This  means 
that  such  pathological  conditions  as  impact  on  the  tips  or  on  the 
back  faces  of  the  teeth  are  not  considered.  (The  control  quantities 
g and  g'  make  it  clear  when  such  a condition  exists  and  the  compu- 
tation can  then  be  discontinued.) 
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3 . ESCAPEMENT  NOMENCLATURE  i 

Figure  5 shows  a schematic  representation  of  the  pin 
pallet  escapement  and  indicates  its  basic  geometric  nomenclature. 


a = Distance  between  pivots  0 and  0 
b = Escape  wheel  radius  p 

c = Pallet  radius  (equal  on  entrance  and  on  exit  side) 
r = Pallet  pin  radius  (equal  on  entrance  and  on  exit  side) 
a = Escape  wheel  tooth  half  angle 
6 = Angle  between  escape  wheel  teeth 
A = Angle  between  pallet  radii 

It.  DESCRIPTION  OF  COMPUTER  PROGRAM 

2 The  following  gives  the  essential  steps  of  the  computer 

program.  Figure  6 represents  the  associated  flow  chart.  The  main 
program  starts  the  simulation  with  coupled  motion  on  the  entrance  side 
for  a starting  angle  4>  = 135° • The  total  escape  wheel  angle  is  set 


2 

The  program  shown  is  written  in  FORTRAN  for  the  CDC  System  at 
ARRADCOM,  Dover,  NJ. 
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to  0°.  This  choice  cf  starting  angle  represents  the  approximate 
midpoint  of  the  coupled  motion  of  the  example  mechanism.  The  compu- 
tation is  terminated  either  when  t = .1  seconds,  or  when  the  total 
escape  wheel  angle  equals  310°.  (See  Section  5E). 

A.  COUPLET  MOTION  (location  100) 

To  solve  the  differential  equation  of  coupled 
motion,  the  main  program  calls  on  a fourth  order  Runge-Kutta  routine"5. 
The  angles  p and  ij/,  the  total  escape  wheel  angle,  the  angular 
velocities  <j>  and  i p,  as  well  as  the  control  parameter  g are  computed 
for  each  time  increment.  The  program  continues  coupled  motion  under 
the  following  circumstances: 

(1)  As  long  as  g<0.  (Because  of  the  nature  of  the 
coordinate  system,  g is  always  negative  while  the  pallet  pin  can  make 
contact  with  the  escape  wheel  tooth.) 

(2)  As  long  as,  for  a positive  (CCW)  rotation  of  the 
escape  wheel,  a succeeding  absolute  value  of  if  is  larger  than  the  one 
obtained  from  the  preceding  computation.  This  condition  is  necessary, 
since  in  coupled  motion  when  <f  is  positive,  the  escape  wheel  can  only 
drive  the  pallet  but  not  slow  it  down.  If  such  a slowdown  is  indi- 
cated, it  means  that  pallet  and  escape  wheel  have  separated  and  that 
free  motion  is  taking  place.  A similar  control  is  provided  for  a 
negative  rotation  of  the  escape  wheel,  which  may  occur  after  impact. 
When  coupled  motion  is  terminated,  control  is  shifted  to  the  sub- 
routine containing  the  free  notion  equations  (location  200).  This  is 
done  directly  if  g<0.  In  case  that  g^0,  the  main  program  must 
ascertain  whether  the  preceding  computations  have  been  made  for  en- 
trance or  exit  conditions,  and  accordingly,  on  which  side  the  next 
contact  will  occur.  In  the  sample  mechanism,  g=0  when  <f>  is  approx- 
imately lU6°  at  entrance  and  approximately  207°  at  exit.  Thus,  if 

g > 0 and<£«150o,  all  possibility  for  entrance  contact  is  ended  and  <i> 
must  be  incremented  by  the  tooth  angle  S (see  Figures  2 and  5)  while 
^ must  be  incremented  by  the  angle  2 7r—  ^or  Oand  <£>150°> 
entrance  action  follows  exit  action  and  <f>  must  be  decremented  by  the 
angle  28  (see  Figure  U,  where  the  new  top  tooth  No.  3 comes  into  action). 
At  the  same  time,  the  pallet  angle  is  decremented  by  -2v+A. 

B.  FREE  MOTION  (location  200) 

After  transferring  the  appropriate  initial  values 
from  the  main  urogram,  the  subroutine  containing  the  free  motion 

3RKGS  Routine,  IBM,  System/360  Scientific  Subroutine  Package, 
(360A-CM-0X3)  Version  III. 


7 


LOWEH  & *TEPPER 


equations  computes  the  subsequent  positions  and  angular  velocities  of 
pallet  and  escape  wheel.  In  addition  to  the  above  quantities,  the 
total  escane  wheel  angle  is  continually  commuted.  The  decision 
whether  or  not  to  remain  in  this  subroutine  is  made  with  the'heln  of 
the  sensing  parameters  f and  g'. 

If  f>0  and  g'<0,  free  motion  is  continued  without  indexing.  If 
f>0  and  g’>0,  free  motion  is  also  continued.  Since  now  contact  is  r.o 
longer  possible,  indexing  takes  place. 

If  f.sP,  control  is  returned  unconditionally  to  the  main  program. 
If  it  finds  in  addition  that  g'>0,  indexing  takes  place  and  control  is 
given  back  to  the  free  motion  subroutine.  In  case  that  both  f-$0  and 
g'<0  contact  is  about  to  take  place  (or  actually  has  just  occurred). 
The  program  must  now  decide  whether  this  contact  just  represents  a 
close  approach  which  will  be  followed  by  further  free  motion,  or 
whether  it  is  the  beginning  of  coupled  motion.  To  this  end,  the 
quantities  Vp  and  Vs,  which  stand  for  the  velocities  normal  to  the 
pallet  and  escape  wheel  contact  points,  respectively,  are  computed  in 
the  entrance,  and  exit  free  motion  tests*1.  The  first  three  cases  of 
of  the  entrance  free  motion  test  of  the  main  program  are  illustrated 
by  Figure  7.  With  both  angular  velocities  <f>  and  f positive , the  follow- 
ing three  possibilities  exist : 

(1)  If  |Vp|>|V  ] , the  contacting  surfaces  will 
separate  again  and  free  motion  will  occur.  Control  remains  with  the 
free  motion  subroutine  (location  200). 

(2)  If  | Vp | = | V3  | » the  escape  wheel  will  start  driv- 
ing the  pallet  in  coupled  motion,  and  control  must  be  transferred  to 
the  coupled  motion  subroutine  (location  100). 


Figure  7 Entrance  Free  Motion  Test 

(</>  and  fare  positive  and  distance  f is  exaggerated) 


Under  the  present  circumstances,  if  f<150°,  only  top  contact  can 
follow,  while  <f>  > 150°  means  that  bottom  contact  will  occur. 


o 
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(3)  If  |Vp!<lvsl,  impact  will  occur,  and  control  must 
be  given  to  the  impact  subroutine  (location  300). 

The  remainder  of  the  free  motion  tests  are  constructed  along 

similar  lines  for  different  combinations  of  angular  velocity  directions 


C.  IMPACT  (location  300) 

The  subroutine  containing  the  impact  equations  uses 
the  current  values  of  the  angular  velocities  and  ^ , and  computes  the 
post-impact  angular  velocities  <j>f  and  ^ according  to  classical  rigid 
body  impact  theory.  (The  tangential  impact  due  to  friction  has  been 
neglected ) . 

After  impact,  control  is  returned  to  the  main  program,  and  it 
must  be  decided  whether  free  or  coupled  motion  follows.  This  is 
accomplished  by  comparing  the  post-impact  velocities  Vp  and  Vs  in  the 
impact  tests.  These  are  similar  to  the  free  motion  tests. 

If  the  contact  velocities  are.  vectorially  equal  to  each  other,  or 
if  the  absolute  value  of  the  difference  of  their  absolute  magnitudes 
is  less  than  2.0  in/sec  (considered  a small  quantity),  control  is 
transferred  to  coupled  motion.  If  this  velocity  difference  is  greater 
than  the  above  criteria,  computation  is  transferred  to  free  motion. 


5.  EXAMPLE  MECHANISM 

The  pin  pallet  escapement  of  the  M525  fuze  was  used  as 
an  example  mechanism.  The  following  first  gives  the  dimensions  o^  the 
basic  escapement  (standard  configuration)  and  then  discusses  certain 
other  data  and  computed  values  which  are  of  importance  for  the  com- 
puter simulation. 

A.  DIMENSIONS  OF  STANDARD  CONFIGURATION  (See  Fig.  5) 


dimensions: 


The  standard  configuration  has  the  following 


193  in.  (mean  center  distance) 
0968  in 

H0°  -7  2 

.91  X 10  lb-sec  -in. (moment 

—7  2 

.17  x 10  lb-sec  -in. (moment 

wheel ) 


b = .1583  in. 
r = .0136  in. 

X = 109.337° 
of  inertia  of  pallet) 

of  inertia  of  escape 
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B.  GEAR  TRAIN 


The  escape  wheel  of  the  M525  faze  is  driven  By  a 
clock  spring  through  a step-up  gear  train  of  ratio  1+5-98.  The  timing 
function  of  the  fuze,  which  involves  a delay  of  Between  two  and  four 
seconds,  is  accomplished  once  the  spring  has  rotated  the  input  gear 
through  310°  and  with  that,  the  escape  wheel  through  1+5.98  times  as 
many  degrees.  Since  the  beat  of  the  escanement  is  generally  well 
stabilized  after  one  tooth  cycle,  the  total  fuze  time  may  be  ob- 
tained by  multiplying  the  time  corresponding  to  310°  of  escape  wheel 
rotation  by  the  above  gear  ratio. 


C.  STANDARD  TORQUE  USED  III  THE  SIMULATION 


Measurements  on  actual  fuzes  showed  that  the 
initial  torque  on  the  escape  wheels  varied  between  .0177  and  >031  in- 
lb. Since  the  angle  of  rotation  of  the  input  gear  is  small,  the 
decrease  in  torque  is  also  relatively  small.  Therefore,  a constant 
torque  was  assumed  in  the  simulation,  and  its  standard  v'alue  was 
chosen  to  be  .0177  in-lb. 

D.  OTHER  DIMENSIONS  ASSOCIATED  WITH  STANDARD 
CONFIGURATION 

For  purposes  of  control  in  the  computer  program  the 
following  dimensions  are  of  interest. 

The  maximum  magnitude  for  the  dimension  g,  associated^  with 
coupled  motion  is 

®MAX  = --055  in* 

This  occurs  for  the  entrance  condition  when 


* 


gmn 


132.1+° 


Because  of  this  value,  the  program  is  started  in  coupled  motion 
for  <t>  = 135°.  For  exit  action,  this  angle  becomes: 

^gmx  = 187° 

The  escape  wheel  angle  corresponding  to  g=0  is  also  of  interest. 

For  entrance  action  its  magnitude  is  given  by 

o 

^gon  = 11+6.3 

This  angle  is  responsible  for  the  somewhat  larger  indexing  criterion 


to 
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of  150°.  (See  Section  U.)  For  exit  action,  this  angle  becomes: 

<4  = 206.512° 

vgox 

6 . INFLUENCE  OF  VARIOUS  PAPAUETEP  CHANCES  ON  THE  TOTAL 
FUZF  I F :E 


The  following  reports  on  the  results  of  numerous  com- 
puter runs  in  which  a single  input  or  geometric  parameter  was  varied 
in  order  to  determine  its  influence  on  the  tota.l  fuze  time.  In  all 
cases,  n = .3  and  e = .25. 


Time 
(sec. ) 


(Lb-in) 

Figure  8 Influence  of  Escape  Wheel  Torque  on 
Fuze  Delay  Time 


Figure  8 shows  the  influence  of  the  escape  wheel  torque.  One  may 
compare  these  timing  results  with  those  obtained  from  the  well  known 
empirical  expression: 


If  and  T^  represent  fuze  time  and  torque  associated  with  the 
standard  configuration,  one  obtains  from  the  above: 

For  Tg  • 75^  : t,,  = 2.79/11  , 3.22  seconas 

•nd  for  T2  - 1.25TX  : t2  = Z.T)  J _±_  , ,M  seccr4. 

The  results  of  the  simulation  show  excellent  agreement  with  this  em- 
pirical relationship,  which  has  been  confirmed  time  and  again  by 
experiment . 


n 
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Pallet  Mor.er.t  of  Inertia 
(lb-sec--in) 


Figure  9 Influence  of  Pallet  Moment  of  Inertia  on 
Fuze  Delay  Time 

Figure  9 shows  that  the  total  time  of  the  fuze  increases  with  an  in- 
crease of  the  pallet  moment  of  inertia.  The  ratio  of  any  two  periods 
is  approximately  proportional  to  the  ratio  of  the  square  roots  of  the 
associated  pallet  inertias. 

These  results  are  also  confirmed  by  many  reports  on  experimen- 
tation. 

C.  INFLUENCE  OF  PALLET-ESCAPE  WHEEL  CENTER  DISTANCE 


.190  .194  .'98 

Center  Distance  "a"  (in.) 

Figure  10  Influence  of  Pallet-Escape  Wheel  Center 
Distance  on  Fuze  Delay  Time 
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Figure  10  indicates  that  the  fuse  time  increases  as  the  center 
distance  "a"  is  increased,  For  a total  increase  of  .007  inches  the 
time  increase  is  approximately  7$.  This  result  is  generally  confirmed 
by  the  experimentation  of  [2], 


D.  INFLUENCE  OF  PALLET  RADIUS 


Figure  11  Influence  of  Pallet  Radius  on  Fuse  Delay  Time 

Figure  11  shows  a continuous  and  quite  dramatic  decrease  in  fuze  time 
as  the  pallet  radius  "c"  is  varied  through  .008  inches.  Experimen- 
tation in  [2]  gives  a good  correlation  with  this  result  of  the  simu- 
lation. 


E.  INFLUENCE  0^  COEFFICIENT  OF  FRICTION 


friction  n 

Figure  12  Influence  of  Coefficient  of  Friction  of 
Coupled  Motion  on  Fuze  Delay  Time 
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Figure  12  indicates  that  the  fuze  time  increases  as  the  coef4'icien* 
cf  friction  is  increased.  One  would  expect  that  an  increase  of 
energy  dissipation  will  slow  the  mechanism. 

F.  INFLUENCE  OF  COEFFICIENT  OF  RESTITUTIO*! 

According  to  Figure  13,  the  fuze  tine  increases  con- 
siderably as  the  coefficient  cf  restitution  :is  varied  from  0 to  .5. 
Reference  [l]  shows  that  for  e = 0,  coupled  motion  follows  immediately 
after  impact.  When  f = .5,  entrance  action  consists  of  four  imuacts, 
three  of  which  are  followed  by  free  motion  while  the  fourth  is  fol- 
lowed by  coupled  motion.  Exit  action  shows  two  impacts  with  the  last 
one  followed  by  coupled  motion.  Each  of  the  impacts  is  followed  by 
escape  wheel  reversal.  These  multiple  impacts  and  associated  motion 
reversals  seem  to  account  for  the  observed  increase  in  fuze  time. 


tise 


i 


Figure. 13  Influence  of  Coefficient  of  Restitution  on 
Fuze  Delay  Time 
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ESTABLISHING  HABITABILITY  FACTORS  FOR  THE  DESIGN 
OF  OFFICE  ENVIRONMENTS 


DR.  CHARLES  C.  LOZAR,  Habitability  Team 
U.S.  Army  Construction  Engineering  Research  Laboratory 
Champaign,  IL  61820 


Purpose 

The  purpose  of  this  presentation  is  to  document  an  overall  meth- 
odology which  incorporates  experimental  design  considerations  from  the 
social  sciences,  specifically  environmental  psychology,  and  transfers 
that  technology  to  planning  and  design  application  to  improve  habita- 
bility in  office  environments.  The  importance  of  this  application  is 
that  the  habitability  factors  which  are  involved  in  most  office  en- 
vironments do  not  have  a firm  basis  in  basic  research,  and  are  not  well 
documented  in  terms  of  guidance  information  for  designers.  This  paper 
will  present  a discussion  of  a means  of  derivation  for  habitability 
factors  in  a particular  context  of  of f ice  environments . However,  the 
same  methodology  will  be  shown  to  be  applicable  to  other  types  of  en- 
vironments, with  the  process  being  beneficial  to  the  generation  of  new 
basic  research,  application  of  new  concepts,  and  continuing  accumula- 
tion of  new  knowledge  in  the  area  of  habitability  factors  for  any  en- 
vironment . 

Background 

There  are  four  important  considerations  which  point  to  the  need 
for  a methodology  to  develop  habitability  factors  for  environmental 
research,  design,  or  application.  These  four  considerations  are: 

1.  For  a period  of  time  now  there  has  been  no  sophisticated,  well 
documented  basic  research  from  environmental  psychology  in  the  determ- 
ination of  habitability  factors  which  affect  individuals,  either  in 
their  office  work  stations  or  any  other  kinds  of  living  environments. 

Of  course,  there  have  been  human  factor  studies,  productivity  studies, 
and  general  evaluations  of  management  climate. (1)  However, 
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consideration  for  the  physical  environment  as  it  affects  individual's 
attitudes,  preferences,  and  feelings  has  not  developed  to  the  point 
where  it  can  provide  design  decision  guidance,  or  technology  transfer 
of  basic  research. 

2.  This  basic  technology  transfer,  information,  Jacking  in  the 
research  literature,  is  precisely  the  kind  designers  need  to  apply  to 
physical  environments.  In  view  of  the  lack  of  this  kind  of  informa- 
tion, most  schools  of  design  operate  on  an  intuitive  basis,  predomi- 
nated by  the  master  studio  student  relationship.  Any  guidance  re- 
ceived is  based  on  intuition  and  experience  and  is  not  verified  em- 
pirically through  research  data  or  documented  in  a way  in  which  it 
can  be  used  over  and  over  again. 

3.  It  follows  logically  from  the  first  two  considerations  that 
there  is  a need  to  improve  the  overall  research  information  quality 
used  to  design  physical  environments,  in  this  case  offices.  However, 
because  of  the  limitations  of  the  first  two  items,  it  is  impossible 
to  document  research  knowledge  which  can  accumulate  and  thereby  pro- 
vide a basis  for  using  each  design  of  a new  office  as  a field  test  to 
gain  new  habitability  information.  Consequently,  there  is  generally 
no  improvement  in  the  quality  or  depth  of  research  information  avail- 
able to  address  the  problem  of  habitability  factors  as  they  apply  to 
specific  environments. 

4.  The  information  from  environmental  psychology  that  presently 
exists  in  this  context,  is  then  mostly  academic  and  does  not  seriously 
attempt  to  make  effective  technology  transfer  since  it  does  not  pro- 
vide a means  of  determining  either  the  return-on-investment  payoffs 

or  guidance  in  the  allocation  of  funds  based  upon  the  determination  of 
habitability  factors. 

Therefore,  although  there  are  certain  factors  such  as  privacy, 
professional  image,  room  occupancy,  etc.  which  appear  in  the  general 
literature  on  habitability , (2)  there  is  little  consideration  of  a 
means  of  transferring  this  information  to  application  in  the  field 
and,  thereby,  providing  a means  of  technology  transfer  and  return-on- 
investment.  Furthermore,  the  existing  research  literature  suffers 
from  serious  methodological  deficits  in  terms  of  its  application  to 
field  situations. 

Previous  Research  and  Its  Limitations 

General  and  intuitive  descriptions  of  office  work  environments 
exist  in  the  commercial  literature.  However,  there  are  also  some  re- 
cent studies  from  environmental  psychology  which  suggest  that  the 
office  environment  is  a viable  area  for  empirical  research  and  in- 
vestigation. These  studies  can  be  divided  into  two  general  groups: 
those  which  provide  methodologically  tight  organization  of  variables 
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and  assume  some  scientific  generalizability , and  those  which  take 
behavioral  and  psychological  information  and  translate  it  into  pro- 
gramming recommendations  for  design  planning.  Examples  of  the  former 
are  comparisons  of  open  and  closed  plan  offices  by  Brooks  and  Kaplan 
(3)  and  Nemecek  and  Grandjean.  (4)  Results  of  these  investigations 
suggest  major  important  habitability  variables  in  office  settings. 
Examples  of  studies  which  translate  user  need  research  into  design  and 
planning  recommendations  are  those  described  by  Deasey,  (5)  Moleski, 

(6)  and  Davis.  (7)  However,  in  order  to  explore  some  of  the  more 
relevant  habitability  relationships  suggested  in  the  earlier  discus- 
sion, we  need  to  identify  specific  major  environmental  issues  which 
may  have  an  impact  upon  employee  performance  or  productivity.  Sug- 
gestions for  the  purposes  of  examining  previous  research  are  profes- 
sional image,  privacy,  room  occupancy,  office  partition  type,  win- 
dows and  views,  and  color. 

9 

Professional  image  is  both  an  organizational  and  a personal 
variable.  If  an  office  work  station  looks  professional,  well  kept,  and 
neat,  some  qualitative  things  about  the  pride  of  the  employee  are 
suggested.  This  form  of  a sense  of  identity  is  discussed  by  Steele 
(8)  as  a reflection  of  what  the  organization  "is."  In  another  dis- 
cussion of  identity,  pride,  and  self-image,  Braum  (9)  suggests  that 
self-image  and  individual  worth  may  be  related  to  the  physical  en- 
vironment and  productivity.  In  general,  the  image  of  the  environment 
and  its  relationship  to  the  person's  self-image  is  not  a well- 
researched  area. 

Privacy  in  offices  is  a very -topical  issue  as  many  large  organiza- 
tions shift  to  open- landscaped  planning  arrangements.  Altman  (10) 
suggests  that  privacy  is  selective  control  of  access  to  one's  self  from 
the  group.  In  offices,  changes  in  privacy  can  occur  easily  since  by 
varying  the  partition  types,  one  has  a great  deal  of  control  over 
access  to  other  persons.  Johnson  (4)  suggests  that  control  over  pri- 
vacy behavior  is  a means  of  reducing  some  forms  of  stress  and  also  a 
way  of  governing  a path  towards  one's  work  objectives.  Implications 
for  office  environments  are  obvious,  but  the  specific  question  is  how 
is  one  to  manipulate  all  of  the  interacting  variables  in  the  physical 
and  social  environment  to  achieve  this?  This  is,  in  particular,  where 
the  programming  efforts  of  the  designer  supplement  the  statistics  of 
the  psychologist. 

Room  occupancy  and  partition  use  in  office  design  is  related  to 
concepts  of  population  density  and  personal  territory,  both  perhaps 
related  to  privacy.  Density,  with  research  into  its  effect  upon  be- 
havior, has  been  discussed  by  Calhoun,  (12)  Sommer,  (13)  and 
Rappoport.  (14)  It  is  worth  noting  that  this  subject  is  still  under 
considerable  controversy.  Some  researchers  would  suggest  an  optimum 
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density  in  an  office  space  is  a concept  relating  to  the  nature  of  the 
work  which  generates  some  level  of  noise  which  is  transmitted  over 
some  physical  distance  determinant  of  density.  Partition  type,  that 
is,  the  mode  of  division  of  office  work  spaces,  is  a little  researched 
area.  In  a study  by  Dinnat  and  Gibbs,  (15)  comparisons  were  made  be- 
tween open-plan,  bank-screen,  and  landscaped  partition  types.  Also, 
human  factors  studies  by  Probst  (16)  in  the  development  of  an  office 
product  line  have  provided  much  useful  data  about  behavior-work 
station  interaction  and  have  been  used  in  designing  work  station  com- 
ponents, such  as  partitions.  Layout  of  partition  type  is  an  ambiguous 
area  of  research.  In  studies  comparing  office  arrangements.  Wells  (17) 
noted  small  office  arrangements  were  more  conducive  to  small  group 
identity  and  open  plans  were  more  conducive  to  interpersonal  contact. 
Brookes  and  Kaplan  (18)  noted  that  landscaped  offices  did  not  function 
as  well  as  conventional  offices,  but  were  aesthetically  more  pleasing. 
However,  Zeitlin  (19)  notes  that  landscaped  offices  tend  to  reduce 
privacy.  Partition  type  then  is  a determinant  of  the  mode  of  layout, 
and  in  turn  can  influence  attitudes  toward  habitability  factors  in  the 
whole  office. 

Windows  and  views  and  color  are  important  to  all  workers.  How  im- 
portant is,  however,  an  unclear  area  in  the  research  literature.  In  a 
summary  of  research  dealing  with  psychological  reaction  to  environ- 
ments with  and  without  windows  done  by  National  Bureau  of  Standards, 
(20)  the  results  were  inconclusive.  That  is,  there  seemed  to  be  gen- 
eral disagreement  on  the  importance  of  windows  to  employee  performance 
throughout  most  studies.  Color  in  offices  and  work  areas  is  another 
important  issue  in  office  planning,  but  still  subject  to  much  intui- 
tive decision  making.  In  most  office  studies,  the  question  of  color 
preference  is  asked  of  the  employees,  but  documentation  of  effects  of 
color  is  hard  to  find.  A study  by  Goodfellow  and  Smith  (21)  even  sug- 
gests that  color  of  rooms  has  no  effect  upon  psychomotor  task  ac- 
complishment at  all. 

In  summary  then,  much  of  the  research  in  this  realm  of  habitabil- 
ity factors  and  office  design  is  somewhat  formative,  inconclusive,  and 
exploratory.  That  is,  the  relationships  between  physical  parameters 
and  social  effects  are  not  clearly  defined  so  that  the  empirical  in- 
spection of  relationships  can  occur  for  planning  purposes.  Further- 
more, there  are  serious  limitations  relating  to  the  generalizability 
of  information  which  hinder  the  application  of  previous  studies  to  the 
development  of  well-based  habitability  factors.  These  limitations  are 
as  follows: 

1.  Most  of  the  academic  studies  are  one-shot  affairs  and  do  not 
use  a standardized  questionnaire  over  and  over  again  in  various  field 
tests.  Therefore,  although  the  questionnaire  may  be  pretested  for 
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local  population,  its  generalizability  is  limited.  Consequently,  the 
comparison  between  different  field  environments  in  most  of  the  previous 
literature  cannot  occur,  and  generalizability  is  limited  or  not  pos- 
sible at  all.  (22) 

2.  There  is  a differentiation  of  experimental  methods  in  all  of 
the  research  literature  on  habitability  parameters.  There  are  almost 
no  studies  which  are  replications;  and,  generally,  the  literature  does 
not  contain  enough  information  on  methodology  to  allow  a valid  repli- 
cation. Therefore,  generalizability,  without  experimental  bias  due 
to  different  field  methods,  is  impossible.  Since  the  methodologies 
and  generally  the  questionnaire  instruments  are  not  comparable,  there 
has  been  no  effort  to  compare  data  across  field  studies  to  verify  a 
general  basis  for  habitability  parameters.  (23) 

3.  Therefore,  the  environmental  psychology  research  literature 
presently  in  existence  appears  fragmented,  has  many  different  factors 
involved,  and  does  not  provide  a consistent  basis  for  overall  general- 
izability to  habitability  factors.  This  situation  inhibits  the  de- 
velopment of  guidance  and  the  achievement  of  technology  transfer. 

4.  Finally,  there  is  little  emphasis  on  the  allocation  of  funds 
in  a rational,  acceptable  way  to  determine  returns  on  design  invest- 
ments related  to  habitability  factors.  Since  this  data  does  not  exist, 
most  of  the  dollar  allocations  in  any  new  building  or  renovation  of  an 
office  tend  to  still  be  done  intuitively,  and  consequently  there  is  no 
possibility  of  doing  an  estimate  of  a return-on-investment. 

In  summary  then,  there  is  the  lack  of  a consistent  experimental 
method  which  will  provide  a long-term  basis  for  deriving  generalizable 
habitability  factors.  In  view  of  these  deficits  in  the  research 
literature,  a process  has  been  developed  and  documented  herein  to 
rectify  this  situation.  This  process  enables  both  the  designer  and 
the  researcher  to  work  together  to  build  a cumulative  process  of  de- 
riving habitability  factors  from  various  office  settings,  each  one 
regarded  as  an  individual  field  study  contributing  to  both  theory 
building  and  technology  transfer. 

Field  Studies  to  Create  a Data  Base 

The  purpose  of  conducting  field  studies  is  to  provide  an  experi- 
mental basis  for  determining  habitability  factors.  In  administrative 
facilities  such  as  offices,  data  from  users  can  be  used  to  establish 
factors  of  habitability,  such  as  privacy,  space,  view,  noise,  or 
image.  Evaluation  of  these  environmental  factors  can  then  be  applied 
to  interior  design  solutions  in  order  to  improve  the  habitability  for 
all  office  occupants.  The  methodology  of  this  type  of  field  research 
is  to:  1)  analyze  results  from  a before-  and  after-renovation  study, 
and  2)  generate  design  criteria  for  layout  and  workstations  of  offices. 
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The  approach  to  determining  habitability  factors  for  office  occu- 
pants consists  of  the  design  of  a before-after  experiment  in  which 
certain  parameters  of  the  environment  (such  as  floor  space,  distance 
to  next  person,  and  degree  of  enclosure  of  the  work-station)  can  be 
measured.  For  example,  an  existing  office  building  of  130  persons 
participated  over  a one  year  period  in  an  evaluation.  The  initial 
comprehensive  survey  of  occupant  attitudes  and  behaviors  indicated 
certain  environmental  conditions  related  to  the  habitability  for  the 
office  occupants.  New  office  layouts  and  workstation  arrangements 
were  designed  and  installed.  The  workstation  components  were  designed 
in  such  a way  that  a within-groups  experimental  design  for  some  para- 
meters (high  vs.  low  partitions,  floor  area  variations,  etc.)  was 
possible . 

After  an  occupancy  period  of  six  months  in  the  new  office  environ 
ment,  the  users  were  again  surveyed.  Data  analysis  consisted  of  be- 
fore-after comparisons,  satisfaction  with  privacy,  space,  image,  noise 
etc.  and  with  individual  aspects  of  the  workstation  such  as  floor  area 
storage,  work  surface,  etc.  Factors  of  habitability  (such  as  work- 
station image,  privacy,  and  furniture  satisfaction)  were  further  ana- 
lyzed with  regressions  to  indicate  shifts  in  user's  cognitive  aware- 
ness of  the  environment  in  the  before  and  after  office  conditions. 

The  data  from  this  office  study  is  then  incorporated  into  a data 
base  using  Statistical  Package  for  Social  Sciences  programs  (SPSS) 
(24).  Other  office  contexts  can  then  be  added  to  this  original  study 
in  the  data  base  to  provide  a basis  for  comparison.  These  various 
contexts  have  included  the  Army  Research  Office,  the  Construction 
Engineering  Research  Laboratory,  the  National  Aviation  Facilities 
Experimental  Center,  Foreign  Science  and  Technology  Building,  etc.  for 
a total  of  over  700  individual  subjects. 

To  provide  for  a basis  for  generalizability  in  a habitability 
data  base  for  offices,  there  must  be  three  common  elements  across  all 
office  research  contexts.  They  are  as  follows: 

1.  Most  of  the  office  environments  in  the  before  condition  are 
similar  in  character,  arrangement,  floor  area,  lighting  levels,  etc. 
Since  most  of  these  office  environments  are  from  Government  technical 
installations,  the  overall  organizational  character  of  the  sponsoring 
organization  is  somewhat  the  same  also. 

2.  A second  commonality  amongst  the  environments  studied  is  the 
demographics  of  the  subjects.  Most  individuals  in  these  offices  were 
of  three  groups:  (1)  managers,  (2)  research/technical-oriented  in- 
vestigators, or  (3)  support  personnel  such  as  secretaries,  etc. 
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3.  The  same  commonality  across  groups  exists  in  terms  of  their 
tasks;  that  is,  subjects  are  either  involved  in  research  generation 
and  investigation,  support  of  that  research  endeavor,  or  management  of 
that  research  or  technical  endeavor. 

Therefore,  it  is  reasonable  to  assume  that  there  is  some  degree  of 
comparability  across  the  office  environments  in  the  data  base.  The 
demographics,  the  tasks,  the  environments,  and  the  settings  are  simi- 
lar. The  experimental  prerequisites  are  sufficient  for  the  creation 
of  a comparative  data  base.  In  summary,  then,  the  information  from 
the  before  and  after  evaluations  of  the  field  studies  are  structured 
into  an  SPSS  data  base,  and  the  data  base  used  to  investigate  habita- 
bility factors,  such  as  privacy,  within  the  office  context  being 
evaluated,  and  comparatively  over  other  office  contexts.  A simple 
matrix  representation  of  the  data  base  is  shown  in  Fig.  1. 

Methodology  for  Empirical  Habitability  Factors 

By  careful  statistical  manipulation  of  the  data  base,  the  ex- 
perimenter can  isolate  the  individual  effects  of  separate,  independent 
variables  operating  simultaneously  on  a single  dependent  variable.  By 
doing  this  comparatively  across  a number  of  individual  settings,  the 
researcher  can  develop  a basis  for  theory  building  to  establish 
habitability  factors  in  offices.  A major  goal  of  theory  building  is 
to  make  use  of  the  deductive  types  of  arguments  which  can  go  beyond 
common  sense  but  still  can  be  empirically  verified.  Therefore,  it  is 
necessary  for  the  experimenter  to  be  cognizant  of  the  limitations  of 
his  experimental  design  and  still  be  perceptive  of  inferences  which 
may  be  made  by  comparing  individual  designs.  In  most  experimental 
designs  referenced  in  this  paper,  Campbell  and  Stanley’s  definition  of 
the  pre-test/post-test  control  group  design  is  most  applicable.  (25) 

In  some  instances,  in  determining  the  effect  of  complex  research 
variables  on  one  another,  a Solomon  four-group  design  is  used.  In 
conditions  where  it  was  impossible  to  do  a post-test,  a pre-test  or 
static  group  comparison  was  used. 

In  order  to  generate  habitability  information  in  the  form  of  non- 
generalizable  guidance,  standard  statistical  analyses  are  used,  which 
would  result  in  a statement  of  guidance  as  shown  in  Fig.  2.  This 
could  be  used  for  the  particular  office  design,  but  would  not  have 
generalizable  validity  until  comparatively  checked  with  other  office 
evaluation  results  in  the  data  base.  To  make  the  information  more 
generalizable,  the  researcher  determines  a habitability  factor  and 
develops  statistical  comparisons  as  shown  in  Fig.  3. 

By  constructing  a data  base  of  this  nature  dealing  with  over  1200 
(before  and  after  conditions)  individual  subjects  at  five  different 
office  sites  with  similar  demographics,  environments,  tasks,  and 


structured  for  each  office  study.  Data  ca 
analyzed  for  individual  offices  or  for  all 
offices  combined. 
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settings,  the  earlier  criticisms  of  the  lack  of  an  empirical  basis  for 
developing  habitability  factor  research  are  negated.  By  using  the 
data  base,  it  is  possible  to  determine,  recognizing  some  inherent 
methodological  biases,  generalizability  across  various  factors  and 
groups.  An  example  of  this  process  follows. 

Establishing  Habitability  Factors 

One  basis  for  determining  habitability  factors  is  to  start  with 
the  evaluation  of  the  validity  of  certain  hypotheses  about  the  inter- 
action of  man,  his  attitudes,  and  the  environment  in  the  office.  These 
hypotheses  are  generally  built  out  of  the  research  data  which  exists  in 
the  literature.  For  instance,  the  hypothesis  that  there  is  a relation- 
ship between  the  distance  from  workstation  to  the  circulation  paths 
and  ratings  of  overall  privacy  in  an  office  is  documented  in  a number 
of  publications.  Using  the  data  base,  these  hypotheses  can  be  tested 
for  single  office  studies  and  comparatively  over  other  studies.  An 
example  of  this  type  of  analysis  is  presented  in  Fig.  2.  Here,  simple 
statistical  analysis  is  used  to  indicate  trends.  This  is  adequate  for 
a single  office  context,  but  has  little  generalizability.  By  compar- 
ing results  over  different  office  studies,  the  researcher  can  feel 
more  confidence  in  his  interpretation  of  data. 

Taking  as  an  example,  a simple  regression  analysis  to  determine 
the  major  components  of  satisfaction  with  furnishings,  the  results  are 
seen  in  Fig.  3.  These  results  are  for  five  office  environments  and 
would  be  generalizable  to  other  office  environments.  The  major  fac- 
tors which  contribute  most  to  the  variance  of  the  dependent  variable 
are  shown  underlined  in  this  table.  Although  this  is  not  a complete 
analysis,  it  does  give  the  reader  an  indication  of  how  a designer  and 
a researcher  would  collaborate  using  the  data  base  to  determine  major 
habitability  factors  and  taking  that  information  to  determine  prior- 
ities for  renovation  scheduling  or  priorities  for  the  allocation  of 
dollars  to  a renovation.  In  this  way  the  application  of  the  data  base 
to  existing  problems  would  accomplish  a number  of  specific  improve- 
ments over  previous  literature.  Therefore,  the  researcher  could  use 
the  data  base  to  create  a number  of  regression  analyses  for  comparison 
across  different  physical  office  conditions  to  determine  the  amount  of 
variance  accounted  for,  and  the  designer  would  use  these  equations  as 
a guide  to  the  allocation  of  funds  to  improve  habitability  in  office 
environments.  This  would  enable  the  designer  to  make  an  evaluation 
for  an  existing  environment  and  that  evaluation  could  be  generalizable 
to  a new  building  design. 

In  summary  then,  a methodology  is  presented  for  establishing 
overall  habitability  factors  with  some  degree  of  generalizability. 

This  is  done  by  creating  a standardized  methodology  which  addresses  the 
limitations  of  a pre-tested  questionnaire,  the  comparability  of  data. 


LOZAR* 


and  the  comparison  of  research  environmental  contexts.  By  using  the 
data  from  different  contexts  in  a comparative  data  base,  the  research- 
er and  the  designer  are  able  to  collaborate  in  the  establishment  and 
the  application  of  information.  Furthermore,  each  application  of  the 
information  in  a new  context  represents  a step  forward  in  another  ex- 
perimental design  as  it  is  added  to  the  existing  data  base.  This  new 
application  can  then  be  used  to  replicate  previous  studies,  to  vali- 
date previous  information  and  hypotheses,  or  to  develop  new  empirical 
or  intuitive  insights  into  other  habitability  factors. 

The  point  of  this  then  is  that  the  designer  no  longer  lacks  basic 
habitability  research  information,  but  now  has  a step  by  step  method 
to  improve  the  overall  quality  of  his  design  decision  making  along 
with  the  researcher  improving  the  overall  quality  of  his  basic  re- 
search in  real  field  contexts. 

Developing  Guidance  for  Technology  Transfer 

This  method  for  determining  habitability  factors  provides  a basis 
for  developing  guidance  to  apply  research  information  from  the  data 
base  to  new  field  situations.  In  simple  terms,  this  is  regarded  as 
technology  transfer.  By  using  this  approach,  that  is,  standardizing 
the  method  across  environments  and  comparing  from  a data  base,  one  is 
able  to  develop  three  specific  technology  transfer  impacts  at  dif- 
ferent levels  of  application.  All  of  these  contribute  to  the  develop- 
ment, support,  and  application  of  habitability  factors  in  office  en- 
vironments, or  may  be  used  appropriately  to  other  environments. 

These  are: 

1.  Information  developed  from  the  application  of  the  data  base 
can  be  translated  into  "design  guides"  which  are  similar  to  catalogs 
specifying  types  of  components  to  go  in  a new  office  environment.  The 
specific  difference  between  these  and  ordinary  catalogs  is  that  the 
elements  of  the  design  guide  are  selected  on  the  basis  of  the  infor- 
mation derived  from  an  analysis  of  variables  within  the  office  data 
base.  As  an  example,  one  might  select  three  different  manufacturers 
of  desk  types  as  being  acceptable  to  improving  overall  satisfaction  in 
office  environments  based  upon  a comparative  analysis  of  satisfaction 
with  different  furniture  types. 

2.  Information  derived  from  the  data  base  can  be  used  for  small 
problem  field  consulting.  This  is  a case  in  which  a client  is  in  need 
of  some  level  of  decision  making  and  does  not  require  a major  research 
effort,  his  variables  may  be  related  to  those  already  in  the  data  base. 
By  manipulating  the  data  base,  one  can  determine  some  level  of  predict- 
ability in  order  to  suggest  actions  for  implementation.  An  example 
may  be  a client  who  wishes  to  know  the  impact  of  energy  conservation 
measures  in  a particular  type  of  office  environment.  One  can  partition 
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the  group  of  subjects  in  the  data  base  with  low  lighting  levels  and 
determine  the  minimal  lighting  level  which  will  conserve  energy  and 
yet  provide  adequate  satisfaction  for  office  occupants. 

3.  Finally,  one  of  the  benefits  of  the  construction  of  a field- 
oriented  methodological  data  base  dealing  in  habitability  factors  is 
that  it  provides  the  basis  for  project-to-project  comparison,  valida- 
tion, reliability  testing,  and  generation  of  new  hypotheses  which 
serve  to  build  the  basis  for  a theory  of  habitability  in  office  en- 
vironments. This  same  methodology  for  field  application  and  compar- 
ability can  also  be  used  for  housing,  hospitals,  residences,  etc.  The 
application  of  this  procedure  could  be  of  great  benefit  to  the  entire 
field  of  habitability  research  and  provide  a systematic  approach  to 
defining,  verifying,  and  validating  habitability  factors  where  one 
presently  does  not  exist. 
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INTRODUCTION:  During  the  past  fifteen  years,  many 
studies  have  been  conducted  on  the  shock  ignition  and  propagation  of 
detonation  in  two-phase  mixtures  consisting  of  liquid  fuel  drops  with  a 
gaseous  oxidizer.  In  most  cases,  oxygen-rich  atmospheres  and  pure 
fuels  were  employed.  Physical  mechanisms  which  describe  the  energy 
transfer  in  a two-phase  detonation  were  suggested  and  generally  accept- 
ed. The  sequence  of  processes  that  occur  following  the  passage  of  the 
leading  shockwave  of  the  detonation  is:  (1)  breakup  of  fuel  drops  via 
boundary  layer  stripping;  (2)  ignition  of  the  fuel  micro-mist  that 
forms  in  the  wake  of  individual  drops  and  (3)  energy  transfer  to  the 
shock  front  via  local  blast  waves  originating  from  individual  burning 
drops.  However,  in  general  practice,  two-phase  detonations  do  not  occur 
in  oxygen-rich  atmospheres  and  often  involve  fuels  containing  compounds 
which  modify  the  combustion  chemistry.  Lower  oxygen  concentration  and 
fuel  additives  were  expected  to  significantly  change  the  physical 
mechanisms  outlined  by  the  work  on  pure  fuels  in  oxygen-rich  atmo- 
spheres . 


The  effects  of  chemical  sensitizers  on  the  ignitability  and 
detonability  of  gaseous  mixtures  have  been  investigated  for  many  years. 
But  the  effects  of  the  additives  in  a two-phase  mixture,  where  fuel- 
drop  breakup  is  involved,  were  unknown.  This  study  was  therefore, 
initiated  to  determine  the  extent  to  which  additives  affect  the  ignit- 
ability and  detonability  of  a two-phase  mixture. 

The  study  provides  a complete  examination  of  the  role  of 
chemical  additives  on  fuel  detonability.  First,  detailed  laboratory 
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experiments  were  carried  out  on  shock  ignition  of  individual  fuel  drops 
and  on  detonations  propagating  in  monodisperse  fuel  sprays  under  con- 
trolled conditions.  Then,  large  scale  field  tests  of  explosively- 
disseminated  fuel  aerosols  were  carried  out,  to  demonstrate  that  the 
effects  of  additives,  manifested  in  the  laboratory,  occur  in  the  field. 
Each  step  in  this  sequence  will  be  described  individually. 

EXPERIMENTAL  PROCEDURE 

A.  Single  Drop  Studies 

A combustion  driver  was  developed  and  used  to  achieve  a high 
enough  shock  strength  to  ignite  hydrocarbons  in  air.  The  fuel  drop 
was  suspended  on  the  horizontal  section  of  a hypodermic  needle  in  a 
shock  tube  test  section.  Shock  velocities  were  obtained  by  measuring 
the  time  required  for  the  shock  to  pass  between  two  pressure  trans- 
ducers that  were  flush  mounted  on  the  inside  wall  of  the  test  section. 
Light  emission  from  the  fuel  drop  was  monitored  by  a photodiode  whose 
output  was  displayed  on  an  oscilloscope.  Ignition  delay  was  defined  as 
the  time  interval  between  passage  of  the  shock  wave  over  the  drop  and 
onset  of  the  light  signal. 

B.  Detonation  Studies 


The  detonation  study  was  conducted  in  a vertical  detonation 
tube  apparatus  consisting  of  drivers,  a fuel  drop  generator,  the 
detonation  tube  and  dump  tanks.  A schematic  of  its  layout  is  shown  in 
Figure  1 . The  stainless  steel  detonation  tube  is  457  cm  long  and  has 
an  inner  cross  section  of  4.1  x 4.1  cm.  Two  driver  sections  are 
mounted  opposing  each  other  at  the  top  of  the  tube  in  such  a way  that 
detonation  of  the  driver  gas  forms  two  blast  waves  which  collide  along 
the  tube  center  line  and  initiate  the  fuel  drop-air  mixture.  A 
stoichiometric  hydrogen-oxygen  mixture  with  689  kPa  initial  pressure 
was  used  as  the  driver  gas. 

Two  different  fuel  drop  generators  were  used.  One  is  a 
vibrating  hypodermic  needle  type  used  to  generate  monodisperse 
aerosols  of  700  micrometer  or  larger  drops.  With  this  generator, 
the  fuel-air  ratio  was  controlled  by  changing  both  the  drop  size  and 
the  number  density  of  fuel  drops  generated  in  the  tube.  The  other 
generator  is  an  ultrasonic  nebulizer  which  generated  a mist  of  fuel 
drops  ranging  in  size  from  0.5  to  10  micrometers.  With  this  gener- 
ator, the  fuel-air  ratio  was  controlled  by  diluting  the  very  rich 
fuel-air  mixture  from  the  nebulizer  with  various  amounts  of  second- 
ary air. 


Figure  1.  Schematic  Diagram  of  Two-Phase  Detonation  Apparatus. 


Shock  velocity  in  the  tube  was  obtained  by  measuring  the  time 
required  for  the  shock  to  pass  between  pressure  switches  along  the  tube. 
Pressure-time  profiles  at  various  locations  along  the  tube  were  measured 
by  pressure  transducers  flush  mounted  in  the  tube  wall.  A spark 
schlieren  photographic  technique  was  used  to  record  the  detonation  flow 
field  in  the  tube. 

C.  Field  Test 

The  field  tests  were  conducted  at  the  Naval  Weapons  Center, 
China  Lake,  California.  Fuel  cannisters  were  made  of  two  gallon  plastic 
jars  with  holes  in  the  caps  for  insertion  of  central  burster  charges 
which  disseminate  the  fuel.  Central  bursters  were  made  from  1.27  cm 
internal  diameter  by  22.9  cm  long  tubes,  each  with  a welded  flange  at 
one  end  which  seals  to  the  inside  of  the  cap  with  an  O-ring.  The 
burster  charge  inserted  in  the  burster  tube  was  a 1.27  cm  diameter  by 
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17.8  cm  long  rod  of  PBXN-201  explosive.  Initiation  of  a fuel-air 
cloud  was  accomplished  by  a small  charge  of  N-5  explosive  supported 
on  top  of  a 122  cm  tall  wooden  stand  located  183  cm  from  a fuel 
cannister.  All  canisters  were  suspended  122  cm  from  the  ground.  In 
this  study,  the  initiators  were  fired  110  milliseconds  after  the 
burster  charge  was  fired,  which  was  long  enough  to  allow  the  fuel-air 
clouds  to  approach  their  maximum  dimensions . Three  piezoelectric 
pressure  gages,  spaced  152  cm  apart,  were  flush  mounted  in  the  ground 
to  measure  pressure-time  profiles  from  the  detonation.  The  entire 
dissemination  and  detonation  process  was  filmed  using  high  speed 
cinemotography. 

D.  Fuels 


Heptane,  which  has  some  physical  properties  similar  to 
gasoline  and  has  the  poorest  "knock"  rating  in  internal  combustion 
engines,  was  chosen  as  the  basic  fuel  to  be  studied.  The  two  additives 
used  to  alter  chemical  properties  were  butyl  nitrite  and  normal  propyl 
nitrate  (NPN) . Physical  properties  of  each  heptane  and  additive 
mixture  used  in  this  study  are  summarized  in  TAble  1 . Dry  air  was  the 
oxidizer  used  in  all  experiments. 

Table  1 


Physical  Properties  of  Heptane/Additive  Mixtures 


Additive 

Amount  of  Mixture 
Additive  Density 
% By  Weight  (G/CC) 

Mixture 

Viscosity 

(CP) 

Mixture 

Kinematic 

Viscosity 

(CP) 

(G/CC) 

Mixture 
Surface 
Tension 
(DYNES) 
( CM  ) 

None 

0 

.683 

.429 

.628 

23.2 

N-Propyl  Nitrate 
(20%  by  volume) 

29 

.762 

.444 

.583 

24.5 

N-Propyl  Nitrate 
(10%  by  volume) 

14.5 

.725 

.438 

.604 

24.5 

Butyl  Nitrite 
(10%  by  volume) 

12.9 

.711 

.448 

.630 

23.6 
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RESULTS  AND  DISCUSSION 
A.  Single  Drop  Studies 

In  Figure  2,  schlieren  photographs  are  presented  of  shock 
ignited  heptane  drops  with  various  additives  in  air.  In  contrast  to 
the  previous  studies  of  shocked  fuel  drops  in  pure  oxygen  by  us  (Ref 
1,2)  and  by  Kauffman  (Ref  3),  there  is  no  local  blast  wave  originating 
from  the  wake  of  each  disintegrated  fuel  drop.  This  result  was  not  too 
surprising  since  the  rate  of  energy  release  from  the  micromist  formed 
by  mass  stripping  of  the  parent  drop  is  expected  to  be  a function  of  the 
oxygen  concentration.  With  a high  rate  of  energy  release,  an  ex- 
ploding or  detonating  mode  of  combustion  is  more  likely  and  local  blast 
waves  can  be  generated.  Since  the  energy  generation  rate  is  slower  in 
air,  only  a deflagrating  mode  of  combustion  is  apparently  possible. 


HEPTANE  ( Mf  - 4 61  ) 


10%  PROPYL  NITRATE  ♦ 90%  HEPTANE 
( M,  - 4 33  ) 


Figure  2.  Schlieren  Photographs  of  Shock  Ignited  Fuel  Drops 
with  Chemical  Additives  in  Air. 
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Figure  3 shows  measurements  of  ignition  delay  times  of 
heptane  and  heptane-additive  mixtures.  The  ignition  delay  time  t., 
plotted  against  the  inverse  of  the  free  stream  air  temperature, 

T2  , behind  the  incident  shock.  Least  mean  squares  plots  of  the  experl- 
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mental  data  are  also  shown  in  the  same  figure.  It  is  seen  that  both 
additives  reduce  the  ignition  delay  time.  A theoretical  study  by 
Fishbum  (Ref  4)  indicates  that  the  overall  breakup  time  (t)  of  a drop 
in  a supersonic  gas  flow  occurs  on  a time  scale  given  by 


t 


gas 

fuel 


where  p is  the  density,  U is  the  gas  velocity  and  D is  the  drop 
diameter.  Thus,  the  drop  Breakup  rate  is  not  very  sensitive  to  the 
physical  properties  of  the  fuels.  In  view  of  the  properties  listed  in 


Figure  3.  Ignition  Delay  Time  of  Shock  Ignited  Fuel  Drops 
with  Chemical  Additives  in  Air. 
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Table  1 the  additives  are  not  expected  to  significantly  effect  the 
breakup  time  component  of  the  ignition  delay  time.  Thus,  the  reduction 
of  ignition  delay  time  by  these  additives  must  be  due  to  chemical 
processes.  It  is  known  that  the  RO— NO  and  RO-NO2  bonds  in  the  nitrites 
and  nitrates  are  much  weaker  than  the  C-C  and  C-H  bonds  in  hydrocarbons 
(Ref  5) . It  is  also  known  that  additions  as  small  as  1-2%  of  N02  can 
reduce  the  ignition  delay  of  methane  - air  mixtures  by  1/2-1/3  (Ref  6) . 
Though  the  detailed  chemical  process  is  not  known  in  our  system,  it  is 
believed  that  the  additives  act  as  a source  of  the  free  radicals  RO,  NO 
N02,  and  NO,  which  speed  initiation  of  chain  reactions  resulting  in  a 
flame  and/or  explosion. 

B.  Detonation  Propagation 

The  effect  of  the  propyl  nitrate  and  butyl  nitrite  on  the 
detonability  of  a heptane  drop-air  mixture  can  be  seen  in  the  1400  pm 
drop  mixture  wave  velocity  history  vs  tube  length  shown  in  Figure  4. 

For  comparison  purposes,  the  blast  wave  velocity  in  an  empty  tube  is 
also  shown. 


The  wave  speed  decays  in  both  heptane,  and  heptane  + 10% 
normal  propyl  nitrate  (NPN)  air  mixtures,  but  more  slowly  when  NPN  is 
present.  In  all  other  cases  the  wave  speeds  all  reach  a steady  state 
after  a transition  region,  which  indicates  the  establishment  of  self- 
sustained  detonations. 

It  is  interesting  to  speculate  on  the  cause  of  the  differ- 
ences in  detonability  of  the  mixtures  mentioned  above.  In  the  case  of 
heptane  - oxygen  mixtures,  it  is  obvious  that  the  pure  oxygen  atmo- 
sphere is  a significant  factor  in  the  detonability.  It  has  been  r 
reported  by  Kauffman  (Ref  7)  that  the  increase  of  oxidizer  concentration 
by  a factor  of  3 will  decrease  the  ignition  delay  time  of  shock  ignited 
fuel  drops  by  a factor  of  4.  It  is  believed  that  due  to  the  short 
ignition  delay  time,  the  energy  released  by  the  burning  fuel  drops  is 
better  able  to  couple  with  and  support  the  incident  shock.  In  the  cases 
of  90%  heptane  +10%  butyl  nitrite  and  75%  heptane  + 25%  NPN  mixtures 
in  air,  the  picture  is  less  clear.  One  possibility  Is  that  only  the 
reduction  of  ignition  delay  time  caused  by  the  addtion  of  nitrite  and 
nitrate  improves  the  coupling  between  the  shock  front  and  combustion 
zone.  In  addition,  it  is  also  possible  the  nitrite  and  nitrate,  through 
the  formation  of  the  RO,  N02  , and  NO  radicals,  lead  to  new  chain 
reaction  paths  which  increase  the  overall  rate  of  energy  release  from 
the  burning  drops.  This  would  improve  coupling  between  the  shock  wave 
and  combustion  zone  to  an  even  greater  extent.  One  or  both  of  these 
possibilities  may  be  occurring. 
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Figure  4.  The  Effect  of  Additives  on  the  1400  ym  Heptane 
Drop  Mixtures  Wave  Velocities. 

The  effect  of  the  fuel  drop  size  on  the  detonability  of 
heptane  - additive  - air  mixtures  can  be  seen  in  Table  2.  Because  of 
the  high  vapor-pressure  of  heptane  and  its  additives,  most  fuel  drops 
in  the  fog  mixture  probably  vaporize  prior  to  detonation. 

Table  2 

Effects  of  Additives  and  Drop  Sizes  on  the 
Detonability  of  Heptane-Air  Mixtures 

Drop  Size 


Fuel 

1400  ym 

700  ym 

Fog  (^10  ym) 

Heptane  + 

** 

m 

CM 

NPN 

detonation 

Heptane  + 

20% 

NPN 

detonation 

detonation 

Heptane  + 

10% 

NPN 

no 

detonation 

detonation 

detonation 

no  no 

detonation  detonation 


Heptane 


detonation 
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These  results  show  both  the  nitrate  additive  and  small  size 
drops  enhance  detonability.  This  is  not  too  surprising,  since  both  the 
additive  and  small  drop  size  are  suggestive  of  faster  rates  of  chemical 
energy  release  and  thus  better  coupling  between  the  shock  front  and  the 
combustion  zone.  It  has  been  shown  (Ref  8)  in  gaseous  detonation  that 
the  quenching  condition  of  a detonation  wave  depends  on  the  coupling 
between  shock  front  and  combustion  zone.  Clearly,  the  hazard  presented 
by  a particular  fuel-air  mixture  can  be  drastically  altered  by  the 
addition  of  small  amounts  of  certain  additives  or  by  decreasing  the 
drop  size.  This  means  that  the  danger  of  any  fuel-air  mixture  should 
be  assessed  individually. 

Currently  various  computer  codes  have  been  developed  to 
calculate  detonation  properties  for  any  exothermic  system;  however,  no 
theoretical  techniques  have  been  developed  to  predict  the  detonation 
limits,  as  kinetics  and  various  energy  coupling  mechanisms  will  define 
the  actual  limit  conditions.  Figures  5 and  6 show  calculated  and  ex- 
perimental detonation  wave  speed  vs  equivalence  ratio  of  heptane  + 20% 
NPN  and  pure  heptane  mixtures  in  air.  The  Tiger  code  was  used  to  cal- 
culate theoretical  Chapman- Jouguet  wave  speeds.  Mixture  compositions 
where  detonations  cannot  be  sustained  in  the  tube  are  also  indicated 
in  the  figures.  In  general,  the  experimental  wave  speed  data  follow 
the  calculated  wave  speed  fairly  well.  In  the  heptane  + 20%  NPN  mix- 
tures, the  measured  wave  speed  of  700  pm  drop  mixtures  show  a larger 
decrement  from  the  calculated  curve  than  the  measured  wave  speed  in  fog 
mixtures.  This  is  due  to  larger  energy  losses  to  the  tube  wall  in  the 
thicker  reaction  zone  produced  by  the  larger  drops.  (The  reaction  zone 
structure  will  be  described  later.)  It  is  seen  from  Figures  5 and  6, 
that  both  small  drop  size  and  addition  of  propyl  nitrate  expand  the 
fuel  rich  detonation  limit,  but  have  essentially  no  effect  on  the  fuel 
lean  limit.  The  700  pm  drop  mixture  fuel  lean  limit  is  shown  lower 
than  that  of  the  fog  mixtures.  The  cause  of  this  difference  is  not 
clear.  One  possible  explanation  is  that  fuel  vapor  originating  from 
fuel  drops  falling  down  the  tube  is  sufficient  to  make  up  the  differ- 
ence in  fuel  concentration.  No  account  was  taken  of  this  vapor  in 
calculating  the  fuel  concentration.  Another  possibility  is  that  the 
detonation  propagation  mechanism  is  controlled  by  local  conditions  in 
the  reaction  zone,  and  the  local  fuel  concentration  in  the  700  pm  drop 
mixture  is  quite  different  from  the  overall  fuel  concentration  in  the 
fog  mixture. 


For  comparison  purposes,  the  detonation  limit  of  propylene 
oxide  (Ref  9)  is  also  shown  in  Figure  5.  Propylene  oxide  is  the 
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Figure  5.  Comparison  of  Experimental  and  Theoretical  Detonation 
Velocities  for  Various  Heptane  + 20%  NPN/Air  Mixtures. 


Figure  6.  Comparison  of  Experimental  and  Theoretical  Detonation 
Velocities  for  Various  Heptane  Fog/Air  Mixtures. 

standard  fuel  used  in  all  current  fuel  - air  explosive  munitions. 
Note  that  the  limits  of  propylene  oxide  are  narrower  than  that  of 
heptane  + 20%  NPN  mixtures.  The  heptane  + 20%  NPN  fuel  should  be 
able  to  perform  just  as  well  or  even  better  than  the  propylene  oxide 
in  FAE  munitions.  This  has  been  confirmed  by  field  tests. 
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Detonations  were  obtained  in  an  average  23  ft.  diameter,  unconfined 
heptane  + 20%  NPN  cloud  in  air  that  was  formed  by  explosive  dissemi- 
nation. The  average  wave  speed  was  1.58  mm/ysec.  For  a stoichio- 
metric mixture,  on  an  equal  weight  basis,  the  heptane  + 20%  NPN 
requires  27.7%  more  air  than  propylene  oxide.  Thus  the  heptane  fuel  has 
the  potential  of  larger  area  coverage  in  FAE  munitions. 

Spark  schlieren  photographs  of  the  detonation  front  in  the 
heptane-NPN-air  mixture  are  shown  in  Figure  7 to  illustrate  the  struc- 
ture of  the  wave  front.  In  general,  the  wave  is  warped  and  apparently 
thick  in  a schlieren  sense.  The  degree  of  non-planarity  and  the 
thickness  of  the  front  progressively  increase  as  the  drop  size  in- 
creases. Evidently,  this  results  from  poorer  coupling  between  the 
shock-front  and  the  combustion  region  in  the  long  reaction  zone  pro- 
duced by  large  drops.  The  wave  front  of  the  1400  ym  drop  mixture  is 
slanted  so  severely  that  it*  is  actually  propagating  in  a spinning  mode 
as  confirmed  by  periodically  oscillating  pressure  traces  produced  by 
this  detonation.  Transverse  waves  are  visible  in  all  of  these  pictures. 
The  number  of  transverse  waves  decreases  as  the  drop  size  increases.  An 
anology  to  the  behavior  of  gaseous  detonations  near  their  detonation 
limits  is  evident. 


Figure  7. 


Schlieren  Photographs  of  Two-Phase  Detonation  Fronts. 


LU,  SLAGG,  FISHBURN 


Further  analogies  between  heterogeneous  phase  and  gas  phase 
are  indicated.  As  the  drop  size  decreases  from  1400  pm  to  10  pm, 
blast  waves,  generated  by  localized  gaseous  volumes  behind  the  incident 
shock  become  more  evident.  Similar  kinds  of  blast  waves  are  observed  in 
gaseous  detonations  having  long  reaction  zones  (Ref  10) . These  local 
explosions  do  not  necessarily  occur  near  fuel  drops  and  are  caused  by 
fuel  vaporized  from  falling  fuel  drops  prior  to  detonation  initiation. 
Thus  the  effect  becomes  more  noticeable  as  the  drop  size  decreases  since 
greater  vaporization  occurs.  It  is  interesting  to  note  that,  in  spite 
of  all  indications  of  gas  phase  reactions,  it  has  been  experimentally 
verified  that  the  fuel  vapor  alone  is  not  sufficient  to  sustain  a deto- 
nation in  the  tube. 

Another  interesting  feature  is,  in  contrast  to  studies  con- 
ducted in  oxygen-rich  atmospheres  where  local  blast  waves  from  the 
burning  micromist  in  the  wake  of  individual  fuel  drops  are  observed, 

(Ref  11),  no  local  blast  waves  originate  from  the  wake  of  individual 
drops  in  air.  This  observation  agrees  with  results  from  the  single  drop 
studies.  The  role  of  these  blast  waves  in  the  two-phase  detonation 
reaction  zone  has  been  discussed  by  many  investigators  (Ref  12) . 
Apparently  the  presence  of  local  blast  waves  from  the  fuel  drops  depends 
on  the  oxygen  concentration  and  the  occurrence  of  these  blast  waves  is 
not  a necessary  condition  for  propagation  of  two-phase  detonations. 

CONCLUSIONS 

Systematic  studies  of  the  effect  of  additives  and  fuel  drop 
size  on  the  detonability  of  heptane-air  mixtures  have  been  carried  out 
under  controlled  laboratory  conditions  and  in  large  scale  field  tests. 

It  was  shown  in  the  shock  tube  studies  that  n-propyl  nitrate  and  butyl 
nitrite  as  well  as,  to  a lesser  extent,  small  drop  size  can  greatly 
widen  the  detonation  limits  and  reduce  initiation  requirements  of 
heptane-air  mixtures.  Large  scale  field  tests  of  explosively  dis- 
seminated fuel-air  clouds  confirm  findings  obtained  in  the  laboratory 
tests,  demonstrating  that  systematic  laboratory  tests  can  be  used  to 
predict  detonability  and  performance  of  any  new  fuel  system  to  be  used 
in  FAE  munitions. 

Unique  schlieren  photographs  of  the  reaction  zone  of  prop- 
agating fuel-air  detonations  have  been  successfully  obtained.  No 
blast  waves  are  observed  either  in  the  wake  of  single  shocked  fuel 
drops  or  from  drops  in  the  reaction  zones  of  propagating  detonations 
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with  air.  Apparently,  the  assumption  which  has  appeared  in  the  liter- 
ature, that  such  blast  waves  are  necessary  to  maintain  a two-phase 
detonation,  is  incorrect.  Furthermore,  the  insight  into  the  structure 
of  the  reaction  zone  that  these  photographs  have  now  made  available  can 
be  used  to  suggest  new  fuel  additives  which  will  affect  detonability, 
either  increasing  or  decreasing  it. 

Sensitized  heptane  is  potentially  superior  to  fuels  used  in 
current  FAE  munitions,  providing  increased  explosive  performance 
(larger  area  coverage  per  unit  weight  of  fuel) , greater  safety  in  trans- 
port and  handling  and  lower  procurement  costs.  These  tests  have  estab- 
lished this  system  as  a desirable  alternative  to  fuels  currently  being 
used. 
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INTRODUCTION 

The  mechanical  response  and  the  failure  of  composite  solid 
propellants  are  known  to  be  related  to  the  formation  and  growth  of 
vacuoles  on  the  microscopic  or  macroscopic  scale.  Failures  in  com- 
posite materials  such  as  composite  propellants  originate  at  the  filler 
particle  or  binder  molecular  level.  These  microscopic  failures, 
whether  adhesive  failures  between  the  binder  and  filler  particles  or 
cohesive  failures  in  the  binder,  result  in  vacuole  formation.  The 
cumulative  effect  on  all  vacuole  formation  and  growth  is  observed  on 
the  macroscopic  scale  as  strain  dilatation.  The  strain  dilatation  in 
composite  propellants  varies  with  binder  type,  binder  formulation, 
filler  particles,  and  presumably  filler  particle  size  distribution. 

The  strain  dilatation  caused  by  vacuole  growth  and  formation  results 
in  a nonlinear  stress-strain  behavior  for  these  materials. 

The  experimental  investigations  of  Leeming  et  al.  (1), 
Bornstein  (2),  and  Martin  (3)  emphasize  the  fact  that  the  state-of-the- 
art  linear  viscoelastic  theory  does  not  predict  propellant  grain 
stresses  and  strains  under  realistic  loading  conditions.  The  most 
significant  portion  of  the  error  is  due  to  the  constitutive  nonlinear- 
ity of  the  material.  Linear  thermorheological  simple  viscoelastic 
theory  has  certain  important  limitations;  however,  it  is  still  the  only 
constitutive  theory  currently  used  in  most  analyses  because  no  other 
>n« 1 1 tut i^e  equations  previously  existed  that  are  as  easily  incorpo- 
• t»d  la  the  analyses. 
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There  has  been  considerable  progress  in  the  development  of 
nonlinear  constitutive  theories  and  methods  of  approximating  specific 
nonlinear  viscoelastic  behavior  in  the  last  few  years.  There  will  be 
no  attempt  in  this  paper  to  review  the  extensive  literature  on  the 
general  theories  of  nonlinear  viscoelasticity. 

BACKGROUND  AND  THEORY 

Farris  (4)  demonstrated  that  the  mechanical  response  and  the 
failure  in  solid  propellants  are  related  to  the  formation  and  growth 
of  vacuoles  within  the  composite  material  and  that  this  phenomenon  is 
directly  related  to  the  macroscopically  observed  strain  dilatation. 

The  mechanical  properties,  particularly  Poisson's  ratio,  are  strongly 
dependent  on  the  dilatational  behavior  of  these  materials.  Strain 
dilatation  measurements , even  for  the  uniaxial  tensile  tests,  are 
cumbersome,  tedious,  and  time  consuming.  Therefore,  a relationship 
that  would  permit  the  determination  of  strain  dilatation  and  Poisson's 
ratio  as  a function  of  strain  utilizing  only  the  stress-strain  data 
would  be  most  desirable.  Insight  into  the  factors  which  govern  the 
nonlinear  response  and  failure  of  composite  propellants  can  be  obtained 
utilizing  a model  for  dewetting,  vacuole  formation,  and  growth  of 
vacuoles  which  is  based  on  assumptions  regarding  the  micros true tural 
behavior  of  the  system.  The  model  can  then  be  used  to  develop  an 
expression  for  dilatation  as  a function  of  stress  and  strain  and  to 
compare  the  predicted  dilatation  with  experimental  measurements  of 
dilatation.  The  degree  of  agreement  between  the  predicted  and  experi- 
mental values  of  dilatation  gives  an  indication  of  the  validity  of  the 
model.  This  approach  was  used  by  Farris  (5,6),  Fedors  and  Landel  (7), 
and  others  (8,9). 

The  present  state  of  the  art  of  predicting  dilatation  as  a 
function  of  strain  is  limited  because  there  is  very  little  quantita- 
tive information  available  on  the  experimentally  determined  dilatation 
under  conditions  similar  to  those  encountered  with  solid  propellant 
rocket  motors.  Various  models  describing  this  phenomenon  have 
appeared  in  the  literature.  In  developing  such  a model,  attention  is 
focused  on  a rigid  filler  particle  contained  in  an  elastomeric  matrix. 
As  the  material  is  strained  above  some  critical  value,  a vacuole  is 
formed  about  the  filler  particle  due  to  the  internal  failure  of  the 
composite.  The  source  of  vacuole  formation  may  be  either  adhesive 
failure  of  the  filler-binder  bond  or  cohesive  failure  in  the  binder 
near  the  filler  particle  (10,11).  As  the  strain  in  the  material 
Increases,  the  vacuoles  continue  to  increase  in  size  and  number.  The 
shape  and  instantaneous  behavior  of  these  vacuoles  seem  to  follow 
these  assumptions : 
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1)  Vacuoles  from  arbitrarily  at  any  magnitude  of  strain 
above  the  critical  value. 

2)  Each  vacuole  behaves  as  an  ellipsoid  of  revolution  with 
the  minor  axis  determined  by  the  diameter  of  the 
enclosed  filler  particle. 

3)  The  major  axis  of  the  ellipsoidal  vacuole  increases 

• linearly  with  strain  at  a rate  proportional  to  the  size 

of  the  filler  particle  it  contains. 

Various  constitutive  theories  exist  and  experimental  investi- 
gations can  be  designed  to  produce  specific  stress-strain  equations. 

In  this  section  a constitutive  relationship  for  uniaxial  tensile  data 
is  discussed  and  the  similarity  with  Farris'  equation  is  noted  (4). 

Martin  (12)  used  the  constitutive  relationship 

a(e,T,t)  - {F(e,T,t)e"inf(£)|e  . (1) 

Equation  (1)  has  been  verified  experimentally. 

Starting  with  Farris'  equation  and  defining  F *=  a/e  as  the 
secant  modulus,  as  was  used  by  Martin,  the  following  relationship  is 
obtained: 


where  E^  is  the  initial  modulus  and  F(e)  is  meant  to  indicate  F at  a 

given  strain.  This  value  will  be  indicated  simply  by  F in  the 
remainder  of  this  work.  After  rearrangement  one  obtains: 

X „ -3(AV/V)l/e  , 

Ei  ' 


Equation  (3)  indicates  that  the  nonlinearity  of  the  stress-strain  curve 
(of  which  the  vacuole  formation  and  growth  is  considered  to  be  the 
major  contributor)  should  be  described  by  the  ratio  of  F/E^.  Taking 


the  natural  logarithm  of  both  sides  of  Equation  (3)  results  in  Equa- 
tion (4) : 


(4) 
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Since  3 is  assumed  to  be  independent  of  strain  magnitude.  Equation  (3) 
suggests  that  a plot  of  {ein(E^/F))  versus  strain  should  have  a simi- 
lar shape  to  the  dilatation-strain  curve.  Figure  1 shows  plots  of 
{ein(E^/F))  and  (AV/V)  versus  strain.  The  similarity  in  the  shapes  of 


Figure  1.  Total  Nonlinearity  and  Dilatation  Versus 
Strain  for  a Granular  Filled  Elastomer. 

the  two  curves  indicates  that  the  total  nonlinearity,  (ein(E^/F)},  in 

the  materials'  behavior  may  be  calculated  from  an  equation  similar  to 
that  used  by  Farris  (4).  The  same  reasoning  used  by  Farris  results  in 
the  expression 


f(e) 


-n2/2 

dndn  + y e 

72n 


y 


where 

1(e)  « total  nonlinearity  of  the  materials'  behavior 
S - (A  - myS/7^ 


(5) 
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7o  = initial  slope  of  the  {ein(E^/F)  } versus  strain  curve 

7 = final  slope  of  the  fefn(E,/F)}  versus  strain  curve  - 

' max  r 1 

"e  ° the  strain  magnitude  at  the  intersection  of  the  initial 
asymptote  of  slope  7 and  the  final  asymptote  of  slope 
7 

max 

A «=  the  magnitude  of  {cin(E^/F)}  at  e 

B = the  magnitude  of  the  ordinate  at  the  intersection  of  the 
two  asymptotes 

n “ (e  - e)/S. 


Equation  (5)  then  would  permit  one  to  estimate  the  total  nonlinearity 
of  the  propellant  once  the  parameters  have  been  determined.  It  would 
be  more  useful,  however,  to  obtain  a quantity  representing  the  pro- 
pellant's nonlinear  behavior  that  could  be  readily  utilized  in  the 
current  linear  viscoelastic  programs  to  account  for  the  nonlinear 
response  of  the  material.  With  this  in  mind,  consider  Equation  (3), 
which  after  rearranging  becomes 


(6) 


Recalling  that  P and  E^  are  independent  of  strain  and  differentiating 
both  sides  with  respect  to  strain,  one  has 


3 


(7) 


where  E = the  instantaneous  slope  of  the  stress-strain  curve.  Equa- 
tion (7)  now  contains  two  unknowns,  p and  d/de(AV/Vo).  Now,  consider 

the  change  of  dilatation  with  respect  to  strain.  According  to  Farris' 
data  (5),  the  quantity  d/de(A V/Vq)  obtains  a maximum  somewhere  between 

the  points  of  maximum  stress  and  rupture  stress  and  remains  constant 
until  failure  occurs.  Farris  proposed  the  relationship 


_d_ 

de 


c V 


fd 


9 


(8) 
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where  V,,  = volume  fraction  of  dewetted  solids.  Experimental  data 
fd 

were  presented  for  systems  that  tend  to  dewet  completely.  These  data 
gave  excellent  agreement  with  the  model  represented  by  Equation  (8). 
The  maximum  slope  of  the  dilatation-strain  curve  is  shown  to  be 
directly  proportional  to  the  volume  fraction  of  filler  particles  in 
the  material.  For  materials  that  tend  to  dewet  completely,  the  pro- 
portionality factor  is  unity  (c  =1);  therefore. 


where  4>  is  the  total  volume  fraction  of  filler  particles  in  the 
system. 


With  these  observations  noted,  the  following  simplifying 
assumptions  will  be  made  that  will  enable  the  determination  of  the 
factor  3 without  having  to  conduct  the  dilatation-strain  measurements: 

1)  The  maximum  slope  of  the  dilatation-strain  curve  is 
obtained  at  a strain  magnitude  equal  to  halfway  between 
the  point  of  maximum  stress  and  breaking  stress. 

2)  All  composite  propellants  are  totally  dewetted  in  the 
region  of  the  sample  where  failure  occurs. 

The  assumption  that  all  filler  particles  in  composite  pro- 
pellants are  totally  dewetted  in  the  region  of  failure  is  not  too 
unrealistic  for  the  following  reasons.  In  composite  propellants  where 
the  bond  between  the  filler  particles  and  the  binder  is  stronger  than 
the  cohesive  strength  of  the  binder,  vacuoles  initiate  in  the  binder 
and  propagate  to  the  surface  of  the  filler  particle  prior  to  failure. 
In  these  materials  there  is  probably  a large  strain  gradient  in  the 
region  of  failure  and  there  would  be  a high  probability  of  totally 
dewetted  filler  particles  in  this  region.  One  reason  that  Equation  (9) 
does  not  appear  to  be  true  for  all  propellants  is  that  the  measured 
dilatation, whether  localized  or  not, is  averaged  over  the  total  volume 
of  the  sample.  If  the  localized  band  of  dewetted  filler  particles  is 
narrow,  the  measured  dilatation  would  appear  to  be  much  smaller  than 
the  actual  dilatation  in  the  region  of  failure.  The  maximum  slope  of 
the  dilatation-strain  curve  is  related  to  the  dewetted  filler  parti- 
cles, but  the  dewetted  filler  particles  may  be  contained  in  a narrow 
band  around  the  failure  region. 
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The  assumption  that  the  maximum  slope  of  the  dilatation- 

strain  curve  is  obtained  at  a strain  magnitude  halfway  between  the 

points  of  maximum  stress  and  breaking  stress  is  approximately  correct 

according  to  Farris'  data.  The  purpose  of  this  assumption  is  to  fix 

the  point  on  the  stress-strain  curve  for  the  calculation  of  the 

coefficient  p.  One  reason  that  failure  points  are  not  recommended  for 

this  calculation  is  the  variation  in  ways  of  selecting  failure  points. 

The  use  of  the  stress  and  strain  values  at  e = (e  + e.  )/2  should 

m b 

minimize  the  variations  in  methods  of  selecting  failure  points  as  a 
source  of  error  in  the  calculation  of  p. 


Substituting  Equation  (9)  into  Equation  (7)  yields  the 
following  results  after  rearranging: 


P 


(10) 


to  be  evaluated  at  e B (e  + €,)/2. 

m b 


With  p known,  one  can  then  utilize  Equation  (6)  to  determine 
the  dilatation  as  a function  of  stress  and  strain.  The  resulting 
expression  is  as  follows: 


This  equation  was  utilized  to  calculate  the  apparent  volume 
change  for  two  composite  materials  where  the  experimental  dilatation- 
strain  data  were  available.  The  calculated  and  experimentally  measured 
dilatation-strain  data  were  in  excellent  agreement. 

To  more  readily  utilize  the  volume  change  data  obtained  in 
this  way  for  a nonlinear  viscoelastic  stress  analysis,  the  following 
method  is  proposed.  It  would  be  more  desirable  to  reflect  the  pro- 
pellant nonlinearity  in  an  equivalent  Poisson's  ratio,  which  would  be 
allowed  to  vary  with  strain  magnitude,  strain  rate,  and  temperature. 

The  variable  Poisson's  ratio  could  then  be  incorporated  into  the  cur- 
rent linear  viscoelastic  stress  analysis  program  to  reflect  the  pro- 
pellant's nonlinear  behavior. 

To  derive  an  expression  of  Poisson's  ratio  as  a function  of 
stress  and  strain,  the  volume  change  is  approximated  by  the  first 
strain  invariant  neglecting  higher  order  terms  involving  strain. 
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(f)-*l  + « 2+*3  • 0 

where  e^,  e 2,  and  are  the  strains  in  the  principal  directions  and 
are  related  as  follows  in  the  uniaxial  condition: 


el 


c 


e2  " e3  - -vej  - -ve 


(13) 


where  v is  Poisson's  ratio.  Substituting  these  relationships  into 
Equation  (11)  results  in  the  following 


(14) 


Substituting  Equation  (14)  into  Equation  (6)  and  rearranging,  one 
obtains  the  relationship: 


»-§  |l  - i *"(t) 

Also,  substituting  Equation  (14)  into  Farris'  equation  yields  the 
following  constitutive  relationship  for  the  uniaxial  nonlinear 
behavior: 


(15) 


a = E^ee 


-P(l-2v) 


(16) 


For  the  nonlinear  viscoelastic  treatment,  the  initial  slope  modulus, 
E , is  allowed  to  vary  with  strain  rate  and  temperature;  the  non- 
linearity coefficient,  0,  is  allowed  to  vary  with  strain  rate  and 
temperature;  and  the  Poisson's  ratio,  v,  is  allowed  to  vary  with 
strain  rate,  temperature,  and  strain  magnitude. 

EXPERIMENTAL  VERIFICATION 


The  model  used  in  deriving  the  expressions  for  dilatation 
and  Poisson's  ratio  as  a function  of  stress  and  strain  was  based  on 
certain  assumptions  regarding  the  micro structural  behavior  of  com- 
posite materials  such  as  composite  propellants.  The  validity  of  the 
assumptions  and  the  model  is  indicated  by  good  agreement  of  calculated 
and  experimental  stress  and  dilatation  data. 
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Figures  2,  3,  and  4 are  plots  of  stress  and  dilatation 
versus  strain  for  a granular  filled  elastomer.  The  experimental  data 
were  obtained  from  Farris'work  (5).  The  experimental  data  in  these 
figures  were  obtained  at  25°C  (75°F)  and  at  strain  rates  of  6.66, 

66.6,  and  666%/min.  The  plotted  points  represent  the  data  read  from 
Figure  6 in  Farris'  paper.  The  solid  lines  indicate  the  values  cal- 
culated using  Equation  (16)  for  stress  and  Equation  (11)  for  dilata- 
tion! Figures  2,  3,  and  4 indicate  good  agreement  between  calculated 
and  experimental  values  of  stress  and  dilatation  at  all  strain  rates. 
The  dilatation-strain  data  appear  to  be  shifted  by  a constant  factor 
along  the  strain  axis  in  some  cases.  This  would  indicate  a slight 
error  in  the  dilatation  measurements,  which  could  be  attrf  ited  to 
localized  dewetting  or  vacuole  formation  as  discussed  previously. 
Equation  (16)  is  shown  to  yield  excellent  agreement  with  experimental 
stress  values  at  all  strain  rates.  In  Figure  4,  Equation  (11)  is 
shown  to  also  give  excellent  agreement  with  the  dilatation  experimen- 
tal data  at  a strain  rate  of  666%/min  up  to  a strain  magnitude  of  35%. 
At  strain  magnitudes  in  excess  of  357.,  the  experimental  dilatation 
data  fall  below  the  predicted  values.  While  vacuoles  may  form  arbi- 
trarily at  all  strain  magnitudes  above  a critical  value,  it  is  reason- 
able to  assume  that  the  weakest  point  in  the  composite  material  will 
be  more  susceptible  to  vacuole  formations  and  should  contain  a larger 
population  of  vacuoles  than  the  remainder  of  the  material.  The  forma- 
tion of  vacuoles  to  relieve  the  large  strain  gradient  that  would  be 
present  at  the  weakest  point  in  the  composite  requires  a finite  time 
in  which  to  react.  If  the  composite  material  is  strained  at  a rate 
faster  than  the  material  can  respond  through  microstructural  failure 
and  vacuole  formation,  the  dilatation  would  appear  to  be  uniform 
throughout  the  material  until  conditions  were  such  that  the  rate  of 
dilatation  at  the  weakest  point  in  the  material  became  large  enough  to 
promote  the  formation  of  a localized  band  of  a large  population  of 
vacuoles.  The  data  presented  in  Figure  4 indicate  that  at  a strain 
rate  of  6667./min,  near  uniform  dilatation  is  present  up  to  a strain 
magnitude  of  approximately  357..  At  this  strain  a localized  band  of  a 
large  population  of  vacuoles  developed  at  the  weakest  point  in  the 
composite  material,  which  then  began  to  have  a strong  influence  on  the 
material's  behavior.  As  the  material  is  strained  in  excess  of  357., 
the  volume  increase  in  the  vacuoles  within  the  established  localized 
failure  region  is  more  than  the  measured  average  dilatation.  This 
would  explain  why  the  experimental  dilatation  data  presented  in 
Figure  4 became  less  than  the  calculated  values  as  the  strain  magni- 
tude increased  to  exceed  35%.  At  the  lower  strain  rates  of  6.66  and 
66.6%/min,  the  localized  failure  region  was  established  in  the  initial 
portion  of  the  test  (e  < 0.10),  thus  explaining  why  experimental 
dilatation  deviated  slightly  from  the  calculated  dilatation  for  the 
duration  of  the  test. 


STRESS  (PA  x 10  ) STRESS  (PA  x 10 
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Figure  2.  Dilatation  and  Stress  Versus  Strain 
for  a Granular  Filled  Elastomer. 


Figure  3.  Dilatation  and  Stress  Versus  Strain 
for  a Granular  Filled  Elastomer. 


DILATATION  (AV/V) 
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Figure  4.  Dilatation  and  Stress  Versus  Strain 
for  a Granular  Filled  Elastomer. 

Figures  2,  5,  and  6 are  plots  of  stress  and  dilatation 
versus  strain.  The  experimental  data  in  these  figures  were  obtained 
from  Figure  3 in  Farris'  paper  (5).  These  data  indicate  the  stress 
and  dilatation  behavior  of  a typical  granular  filled  elastomer  at  a 
strain  rate  of  6.66%/mfn  at  2 5° , 4.4°,  -18°C  (77°,  40°,  and  0°F) . 
The  data  shown  on  Figures  2,  5,  and  6 indicate  excellent  agreement 
between  values  of  stress  calculated  by  Equation  (15)  and  the  experi- 
mental values  at  all  temperatures.  The  behavior  of  the  dilatation 
strain  data  is  similar  to  that  shown  on  Figures  2,  3,  and  4 with  the 
experimental  values  deviating  slightly  from  the  values  calculated  by 
Equation  (11).  The  same  reasoning  as  used  previously  would  also 
explain  the  deviation  of  the  experimental  dilatation  from  that  cal- 
culated by  Equation  (11),  as  indicated  on  Figures  2,  5,  and  6. 

Normally,  nominal  stress  values  were  corrected  to  true 
stress  by  multiplying  the  nominal  stress  value  by  the  extension 
ratio,  A.j.  This  correction  was  originally  derived  based  on  the 
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Figure  5.  Dilatation  and  Stress  Versus  Strain 
for  a Granular  Filled  Elastomer. 


Figure  6.  Dilatation  and  Stress  Versus  Strain 
for  a Granular  Filled  Elastomer. 
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assumption  that  there  is  no  volume  change  within  the  sample  for  the 
duration  of  the  test.  The  relationship  considering  volume  change  is 
derived  as  follows: 


(17) 


where 


1 + e^.  Therefore,  rearranging  Equation  (17),  one  obtains 


(18) 


Substituting  this  expression  into  the  equation  a = a A /A,  one 
obtains  the  following: 


o 


c 


a 

o 1 

o 


(19) 


Therefore,  the  true  stress  a is  lower  than  would  be  obtained  by  the 
normal  correction  procedures.  Equation  (19)  reduces  to  the  equation 
normally  used  as  AV  approaches  zero. 


CONCLUSIONS 

A nonlinear  constitutive  relationship  is  developed  for 
uniaxial  stress-strain  conditions  that  are  shown  to  fit  experimental 
data  over  a wide  range  of  strain  rates  and  temperatures.  The  total 
stress-strain  nonlinearity  of  particulate  filled  composites  may  be 
represented  by  statistical  parameters  similar  to  those  used  by  Farris 
to  describe  the  dilatation-strain  behavior.  By  using  Equations  (10) 
and  (11),  the  dilatational  behavior  of  composite  propellants  may  be 
predicted  from  the  stress-strain  data  and  the  total  filler  content. 
The  relationships  derived  in  this  report  will  enable  one  to  investi- 
gate the  nonlinear  behavior  at  strain-rates  and  temperatures  where  it 
is  very  difficult,  if  not  impossible,  to  obtain  measured  dilatation 
data. 


The  relationship  represented  by  Equation  (15)  may  be  uti- 
lized, along  with  experimental  stress-strain  data  obtained  at  differ- 
ent strain- rates  and  temperatures,  to  determine  the  dependency  of  an 
equivalent  Poisson's  ratio  on  the  strain-rate,  temperature,  and  strain 
magnitude.  The  Poisson's  ratio  thus  determined  may  then  be  utilized 
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in  currently  available  computer  programs  to  describe  transient  thermo- 
viscoelastic behavior  with  the  consideration  of  the  materials'  non- 
linear response. 

The  relation  normally  used  for  obtaining  corrected  stress 
data  by  multiplying  the  nominal  values  by  the  extension  ratio  would 
yield  values  of  stress  and  strain  at  the  maximum  corrected  stress, 
which  were  significantly  larger  than  the  true  stress-strain  values 
would  indicate.  These  errors  could  conceivably  result  in  the  wrong 
conclusions  as  to  the  structural  integrity  of  marginal  designs;  i.e., 
one  might  predict  a safe  design  utilizing  stress-strain  allowables 
based  on  the  normal  correction  method  when,  in  reality,  the  true 
stress-strain  allowables  would  indicate  the  design  would  be  expected 
to  fail.  It  is  therefore  recommended  that  stress-strain  allowables 
for  use  in  future  failure  analysis  be  based  on  true  stress  as  defined 
by  Equation  (18). 
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I.  INTRODUCTION 

Recent  innovative  work  (1,2)  by  the  Nippon  Electric  Co.  (NEC) 
Tokyo,  Japan,  on  a ferrite  precipitation  method  for  removing  heavy 
metal  ions  from  industrial  waste  water  and  the  subsequent  potential 
use  of  this  material  (ferrite  sludge)  as  a cheap  microwave  absorber 
has  stimulated  interest  in  the  possible  United  States  military  appli- 
cations of  this  concept.  An  important  factor  in  this  consideration 
is  that  the  cost  of  the  material  is  projected  as  significantly  less 
than  currently  available  ferrite  material.  This  report  describes  the 
results  of  this  program:  a characterization  and  fabrication  phase 
carried  out  at  the  Army  Materials  and  Mechanics  Research  Center, 
Watertown,  Massachusetts,  and  a testing  phase  carried  out  at  the  U,S. 
Army  Electronic  Proving  Ground,  Fort  Huachuca,  Arizona. 

II.  MAGNETIC  DIELECTRIC  RADAR  SIGNATURE  REDUCTION 

One  way  of  reducing  radar  signatures  of  highly  reflective 
materials  is  by  the  use  of  radar-absorbing  coating  materials.  Mag- 
netic dielectrics  (ferrites)  arc  a family  of  materials  that  can  absorb 
microwaves  by  the  lossy  interaction  of  the  electric  and  magnetic  vec- 
tors of  an  electromagnetic  wave  with  the  material. 
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When  an  electromagnetic  wave  strikes  an  object  there  is  gen- 
erally a reflection  because  of  a discontinuity  in  electrical  properties 
between  the  medium  the  wave  is  travelling  and  the  object  it  strikes. 

One  can  show  the  following:  an  electromagnetic  wave  of  amplitude  E0 
travelling  in  free  space  (u  [the  magnetic  permeability]  = u0,  and  e 
[the  electrical  permittivity]  = e„)  and  striking  a plane  surface  A 
(U/\  = +1*JA  an“  eA  = eA  + 1 eA>  where  pa  » PA  and  £A  >>  GAJ  will 

have  a relection  approximately  [l-[(P/\/eA)  (eo/Po)]*5  in  magnitude.  If 
pa/ ga  = Po/Go>  there  will  be  n£  reflection.  The  wave  will  be  attenuated 
in  the  material  by  a factor  exp  (-pa  w[vja/£aJ"^  where  u = 2ir  fre- 
quency and  t = the  depth  in  the  material.  Thus  by  properly  choosing  the 
permeability,  dielectric  constant,  depth,  and  loss  factors,  normal  inci- 
dent waves  can  be  absorbed  in  the  material.  Unfortunately,  however, 
all  factors  vary  with  frequency  and  this  factor  must  be  taken  into  con- 
sideration in  the  exact  calculations.  In  this  investigation,  microwave 
attenuation  and  concomitant  radar  signature  reductions  have  been 
achieved  by  an  increase  in  the  magnetic  permeability  and  magnetic  losses 
of  a dielectric  material. 

III.  DESCRIPTION  OF  FERRITE  PRECIPITATION  PROCESS 

Stimulated  by  more  stringent  pollution  control  requirements 
in  Japan,  the  NEC  is  investigating  the  use  of  a ferrite  precipitation 
process  to  remove  heavy  metals  from  their  industrial  waste  water  (1). 
They  have  two  motives  for  exploring  this  unique  idea:  (1)  purifica- 
tion of  industrial  waste  water  and  (2)  simultaneous  formation  of  sig- 
nificantly cheaper  ferrite  raw  material  for  possible  commercial  use. 
Potential  uses  envisioned  by  them  include  prevention  of  double  TV 
images  (ghosts)  by  using  ferrite  coatings  on  buildings  and  also  elim- 
ination of  ground  reflections  near  radar  receivers  by  coating  the 
ground. 


Standard  industrial  practice  (3)  used  in  the  production  of 
ferrite  materials  consists  of  elaborate  mixing,  pressing,  and  con- 
trolled heat  treatments  of  carefully  weighed,  mechanically  pulverized, 
and  mixed  ceramic  oxide  powders.  The  novel  technique  being  used  by 
NEC  is  a wet  chemical  reaction  process  referred  to  as  coprecipitation. 
Essentially,  divalent  iron  and  other  metal  ions  are  hydrolyzed  in  a 
basic  solution  and  then  oxidized  into  the  ferrite  spinel  structure  (2). 

The  two  steps  can  be  formularizcd  as  follows: 


Hydrolysis: 


M?+  + FeJ+  + 60H" 

1 -x  2+x 


M,  Fe  (OH), 
1-x  2+xv  6 


CD 
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Warm  Aeration: 


Ml-xFe2+x^6  + 2 °2  " Ml-xFe2+x°4  + 3H2° 
or  more  simply  as 

Fe2+  + M2+  + ROD  + 0-  -*•  M.  Fe_  0. 

2 1-x  2+x  4 

where  R = alkali  or  alkali  earth  cation  (ex.  NaOli). 

In  summary,  the  ferrite  sludge  coprecipitation  process  is 
schematically  illustrated  in  Figure  1. 


Industrial  Waste 
Water  Containing 
Heavy  Metal  Ions 


FeSOa 

Solution 


Required 
Ferrite  Spinel 
Stoichiometry 


Hydrolyze  All 
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pH  >10 


Aeration  by 
Bubbling  Air 
in  Warmed 
(60-00  Cl 
Suspension 


Oxidation  to 
Ferrite  Spinel 


Magnetic 

Removal 


Ml-xFe2*x°4 


Figure  1.  Schematic  flow  chart  for  the  production  and  removal  of 
ferrite  sludge  by  the  coprecipitation  process. 


Experimental  data  demon- 
strate that  the  heavy  metal  removal 
technique  is  successful.  Table  1 
lists  various  heavy  metal  ions  in 
the  industrial  waste  water  before 
and  after  the  coprecipitation 
treatment  (1). 

IV.  CHARACTERIZATION  OF 
FERRITE  SLUDGE 

Two  separate  batches  of 
sludge,  nominally  referred  to  as 
the  5-kg  and  50-kg  batches,  were 
obtained  from  NEC.  They  were  brown 
to  dark  brown  in  color  and  had  a mud 
trates  both  the  as-received  material 
and  sieved  (-325  mesh)  powder. 


Table  1.  HEAVY  METAL  ION  CONCENTRATIONS 
IN  INDUSTRIAL  WASTE  WATER  BEFORE  AND  AFTER 
FERRITE  SLUDGl  COPRECIPITATION  TREATMENT. 


Concentration  in 

Waste  Water  (ppm) 

Metal 

Ion 

Before 

Treatment 

After 

Treatment 

Cu 

9,500 

< 0.5 

Ni 

20,000 

< 0.5 

Sn 

4,000 

<10 

Pb 

6,800 

< 0.1 

Cr6+ 

2,000 

< 0.1 

Cd 

1,800 

< 0.1 

Fe 

over  1* 

< 1.0 

Hq 

3,000 

ND* 

♦Nondetectable 

like  consistency.  Figure  2 illus- 
and  also  the  dried,  ball-milled, 
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The  as-received  sludge  con- 
tains appreciable  amounts  of  water 
and  must  be  thoroughly  dried  prior 
to  further  use.  Table  2 lists  the 
water  content  and  approximate  chem- 
istry of  the  two  batches  which  are 
quite  different  in  composition,  the 
5-kg  batch  being  iron-rich  and  the 
50-kg  batch  being  iron-poor. 

Hypothetical  chemical- 
structural  formulas  for  these  ferrite 
spinels  are  as  follows  (4,5): 

• 2+  |V"  3+  V 

5-kg  batch:  M xFe‘_x|M  yFe^_y|04 

•fV»  3+  V1 
50-kg  batch:  M M Fe^  0, 

1 x 2-x1  4 

i ii 

M , M = heavy  metal  ions, 

IV,  VI  = tetrahedral  and  octahedral 
coordination,  respectively. 


Table  2.  CHEMISTRY  OF  AS-RECEIVED 
FERRITE  SLUDGE 


Element 

Weight  Percent  in  Batches 

5 kg 

50  kg 

H,0* 

45.0 

43.9 

Fet 

65.7 

49.2 

Mnt 

0.5-1 

1 

Mg 

.5 

1 

A1 

.1-0.5 

1 

Ni 

.5 

1 

Si 

.5 

1-10 

Pb 

.1-0.5 

0.5-1 

Sn 

.05 

.5 

Zn 

.1 

.5-1 

Cr 

.01 

.5 

Ca 

.1 

.5 

Cd 

.5 

.5 

Cu 

.05 

.05-0.1 

Mo 

.05-0.1 

.05-0.1 

Ti 

.01-0.05 

.1-0.5 

Zr 

.05 

.05 

Ba 

.05 

.05 

*Loss  on  drying  at  105  C. 
tQuantitative  analysis  for  Fe  by 
wet  chemistry 

TAll  the  remaining  analysis  are 
semiguantitative  emission  spec- 
troscopic results  reported  in 
weight  percent 


There  are  eight  formula  units  in  the  ferrite  spinel  unit  cell,  yield- 
ing the  following  actual  chemical  formula:  M gM  8xFe16-8x®32* 

Hence,  there  are  at  least  M'g  + M"gx  crystallographic  sites  in  the 
unit  cell  for  the  removed  heavy  metal  ions. 


Figure  3 is  a diagrammatic  representation  of  the  actual  powder 
diffraction  patterns  using  filtered  CrKa  radiation.  The  5-kg  batch  is 
100%  ferrite  with  a LiFcsOe  (ferrite)-like  structure.  The  50-kg  sludge 
is  a relatively  impure  ferrite  sample'* containing  several  nonferrite 
phases.  Roughly  60%  of  the  mixture  is  a ferrite  similar  to  LiFesC^, 


i 


1 
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3%  is  Fe(0H)3,  6%  is  ZnCr2C>4  (spinel),  11%  is  NiO,  and  the  last  20% 
consists  of  FeCl3,  CaSnOq,  and  CaFeOy  (ferrite).  It  is  also  possible 
that  a significant  percentage  of  both  batches  contain  X-ray  amorphous 
phases  and  therefore  do  not  appear  in  the  diffraction  patterns. 


Table  3 lists  the  physical  powder  characteristics  of  the  two 
batches.  Figure  4 illustrates  a high  magnification  view  of  the  5-kg 
powder,  showing  its  very  fine  grain  size.  The  5-kg  batch  is  a higher 
density,  larger  grain  size  material  than  the  50-kg  material.  Ideal 
densities  for  ferrites  of  similar  chemistry  as  reported  here  are  about 
5.0  g/cc,  close  to  the  5-kg  material,  but  significantly  different  than 
the  50-kg  material.  All  these  data  indicate  that  the  5-kg  powder  more 
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Figure  3.  X-ray  powder  dif- 
fraction patterns  (CrKa)  of 
two  dried,  ball-milled,  and 
sieved  (-325)  ferrite  sludge 
powders;  CrKa  radiation. 


Table  3.  POWDER  CHARACTERISTICS  OF  FERRITE  SLUDGE 


Drying  Conditions: 

150  C,  24  hr 

Type 

Heat 

Treatment 

Surface 

Area* 

Equivalent 
Spher.  Diam.t 

Po* 

kg 

T°C 

t(hr) 

Atm 

m2/g 

um 

g/cc 

5 

_ 

_ 

. 

20.83 

0.058 

4.88 

5 

480 

24 

Air 

16.12 

0.075 

- 

5 

480 

72 

Air 

14.26 

0.084 

50 

_ 

- 

. 

29.97 

0.040 

3.81 

50 

400 

26 

Air 

23.77 

0.050 

- 

50 

400 

136 

Air 

23.11 

0.052 

- 

*By  a BET  technique 

tEquivalent  spherical  diameter  assuming  a density  of 
5.0  g/cc 

^Measured  density  by  a helium-air  pycnometer  method 
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Figure  4.  SEM  photomicrograph  of 
fracture  surface  of  ferrite  sludge 
powder  cold  isostatically  pressed 
at  20,000  psi  and  heat  treated 
for  24  hr  at  200  C. 


nearly  represents  a ferrite  material,  whereas  the  50-kg  material  is  a 
very  impure  ferrite  powder,  suggesting  that  the  NEC  process  will  not 
yield  identical  material.  However,  the  ferrite  sludge  in  both  cases 
is  a magnetic  ferrite,  and  no  heat  treatment  is  required  to  form  a 
ferrite  phase  as  in  conventional  ferrite  manufacturing  processes. 
Further,  there  seems  to  be  a direct  correlation  between  the  iron  con- 
tent and  the  ferrite  content  of  the  two  batches.  This  implies  that 
enough  FeSC>4  must  be  added  to  coprecipitate  all  the  heavy  metals  in  a 
ferrite  phase,  otherwise  the  hydrolysis  and  warm  aeration  will  produce 
other  nonferrite  material. 


V.  FABRICATION  PROCEDURE 

Three  processing  routes  were  analyzed  for  use  in  the  produc- 
tion of  the  large  12"  * 12"  testable  sample  tiles: 

a.  pressed  powder,  no  heat  treatment, 

b.  sintered  powder,  and 

c.  organic  matrix  composite. 

Prior  work  by  the  NEC  implied  that  either  a or  b was  suffi- 
cient for  wave  guide  (VSWR)  microwave  absorption  measurements  on  small 
samples  (6-8).  However,  because  of  our  remote  test  location  and  large 
sample  requirements  for  radar  absorption  measurements  only  methods  b 
and  c were  considered  practical.  In  order  to  decide  between  these 
procedures  a preliminary  thermal  analysis  and  sintering  study  was  car- 
ried out  on  the  two  batches. 
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a.  Thermal  Analysis 

Initial  sintering  runs  clearly  demonstrated  a complex 
sequence  of  reactions  and  densification  characteristics,  the  major 
problem  being  the  oxidation  of  the  ferrite  to  the  nonmagnetic  a-Fe203 
(hematite)  phase.  The  reaction  can  be  simplified  as  follows: 

2Fe2+Fe2+04  + \ 02  ■+  SFe^Oj.  (4) 

Figure  5 illustrates  the  thermogravimetric  analysis  (TGA) 
curves  for  the  two  batches  and  Figure  6 shows  the  differential  thermal 
analysis  (DTA)  traces  of  heat-treated  and  untreated  samples.  Appar- 
ently, because  of  excessive  volatilization  of  nonferrite  metal  oxide 
phases,  the  TGA  curves  show  weight  losses  and  not  weight  gains  as  would 
be  expected  for  reaction  (Eq.  4).  However,  the  DTA  curves  clearly  show 
the  a-Fe203  reaction  at  about  604  C in  the  S-kg  material  (Figure  6a) 
and  roughly  340  C in  the  50-kg  material  (Figure  6b).  This  was  confirmed 
by  X-ray  diffraction  analysis  of  resultant  products.  In  an  attempt  to 
stabilize  the  ferrite  spinel  structure,  extended  heat  treatments  were 
carried  out  below  the  transformation  temperature.  The  DTA  curves  for 
these  heat-treated  samples  (Figures  6c  and  6d) , however,  again  show 
the  a-Fe203  transformation.  Clearly,  heat  treatment  in  air  above  the 


Figure  5.  Thermogravimetric 
analysis  traces  of  predried  and 
pressed  ferrite  sludge  powder. 
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121  301  458  604  741  871  995  121  301  458  604  741 


Temperature,  deg  C Temperature,  deg  C 

Figure  6.  Differential  thermal  analysis  heating  curves  of 
ferrite  sludge  powders  - all  heated  in  air. 

ot-Fe203  transformation  temperature  always  results  in  an  a-Fe203  product 
which  is  unacceptable.  One  additional  DTA  experiment  using  flowing 
argon  instead  of  air  confirmed  this  deduction. 

b.  Sintering  Studies 

Preliminary  sintering  work  was  also  carried  out  with  a 
summary  of  the  data  plotted  on  Figure  7,  showing  the  variation  of 
observed  densities  as  a function  of  temperature.  The  data  simply 
reflects  the  oxidation  of  the  ferrite  sludge  to  a-Fe2C>3  and  its  sub- 
sequent densif ication.  All  samples  were  isostatical ly  cold  pressed 
at  20,000  psi  prior  to  heat  treatment.  Scanning  electron  microscope 
(SEM)  photomicrographs  of  fracture  surfaces  of  runs  labeled  18,  23, 
and  24  in  Figure  7 are  presented  in  Figure  8.  As  can  be  seen,  sinter- 
ing in  flowing  air  results  in  a completely  a-Fe203  body  (Figure  8b), 
whereas  sintering  in  argon  or  a limited  amount  of  air  results  in  a 
sintered  ceramic  containing  ferrite  (Figure  8a  and  8c).  Figure  9 
shows  the  microstructural  details  of  the  precipitation  of  a-Fe203  from 
a ferrite  matrix.  This  sample  was  dried  at  200  C for  24  hours  and  then 
heat  treated  at  1200  C for  24  hours  in  air.  All  these  data  indicate 
that  the  production  of  large  fully-sintered  ferrite  ceramic  tiles  must 
be  preceded  by  an  in-depth  atmosphere-controlled  sintering  study,  which 
was  deemed  prohibitively  expensive  as  a processing  procedure. 
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Figure  7.  Variation  of  observed  density  of  heat-treated  ferrite  sludge  powder. 


r<V 


) <\ 


►\ 


v2> 


■ d 


a.  100%  Ferrite;  Calcined  in  Air 
at  487  C tor  22  Hr,  Sintered  at 

1200  C for  4 Hr  in  Flowing  Argon 

b.  100%  a-Fe203:  Calcined  in 

Air  at  400  C tor  78  Hr,  Sintered 
at  1100  C lor  40  Hr  in  Air 

c.  22%  Ferrite,  78%  a-Fe^: 
Calcined  in  Air  at  400  C for 
48  Hr.  Sintered  at  1200  C for 
4 Hr  in  Closed  Muffle  Tube 

(Run  24) 

(Run  18) 

(Run  23) 

Figure  8.  SEM  photomicrographs  of  representative  fracture  surface 
microstructures  of  heat-treated  ferrite  sludge  powders. 
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Figure  9.  SEM  photomicrograph  of 
fracture  surface  of  ferrite  sludge  heat 
treated  at  1200  C in  air  for  24  hours. 
Microstructure  of  precipitation  of 
lenticular  a-Fe203  from  ferrite  matrix. 


c.  Feasibility  of  Organic  Matrix 

It  was  very  quickly  demonstrated  that  at  least  50  wt% 
ferrite  powder  (-325  mesh)  could  easily  be  incorporated  into  an  EPON 
828/Z  curing  agent  (100  parts/20  parts)  epoxy  resin  matrix.  The  pow- 
der was  not  rejected  by  the  resin  and  formed  a homogeneous  ferrite/ 
resin  composite  material  and  did  not  lose  its  magnetic  properties. 

VI.  PRODUCTION  OF  FERRITE/RESIN  TILES 

A special  mold  was  constructed  to  form,  de-gas,  and  cure  the 
ferrite/resin  composite.  Additionally,  it  was  designed  to  have  a 1/16" 
overhang  of  resin  over  the  A1  backup  plate  to  prevent  direct  exposure 
of  the  A1  plate  to  the  microwave  signals,  even  in  a slightly  tilted 
situation.  The  following  is  a summary  of  the  final  fabrication  process. 

a.  Dry  at  150  C and  ball  mill  for  at  least  24  hours. 

b.  Sieve  all  powder  through  -325  mesh  screen. 

c.  Mechanically  blend  50  wt%  ferrite  powder  in  an  EPON 
828/Z  curing  agent  resin  mixture. 

d.  Casting  procedures: 

(1)  Self-bonding 

(a)  Dc-gas  ferrite/rosin  mixture. 

(b)  Cure  2 hr  at  175  F,  2 hr  at  300  F,  directly  to 


A1  backup  plate. 
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(2) 

Two- 

-step  process 

(a) 

De-gas  ferrite/resin  mixture. 

backup  plate. 

(b) 

Cure  4 hr  at  175  F using  a mold 

release  on  Al 

Adhesive  907. 

(c) 

Bond  to  Al  backup  plate  "sing  a 

two-part  Epoxy 

e.  Grind  ferrite/epoxy  surface  to  final  required  thickness 
dimension. 


Four  composite  plates  were  fabricated  and  described  in  Table  4. 
Samples  FP-1  through  FP-4  were  all  bonded  to  12"  * 12"  * 5/16"  A1 
plates;  the  ferrite/resin  composites  measured  12-1/8"  * 12-1/8".  Side 
views  of  these  test  panels  can  be  seen  in  Figure  10. 


Table  4.  DESCRIPTION  OF  FERRITE/RESIN 
COMPOSITE  PLATES 


Sample 

Ferrite 

Resin 

Thickness 

Process 

FP-1 

Undoped 

1/8" 

1 step 

FP-2 

50  kq-50  WtS 

1/8" 

1 step 

FP-3 

50  kq-50  Wt3S 

3/8" 

2 step 

FP-4 

FP-5 

5 kq-50  Wtf! 
Blank  Al  Plate 

1/8" 

2 step 

Figure  10.  Photograph  of  four 
test  tiles  and  standard  Al  plate  - 
side  view. 
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VII.  MICROWAVE  ABSORPTION  TESTS 

The  microwave  absorption  tests  were  carried  out  by  Captain 
J.  Newton,  Mr.  K.  Hakes,  Mr.  W.  Krotzer,  and  Warrant  Officer  G. 

Van  Horn  at  the  Electromagnetic  Interference  Laboratory,  Black  Tail 
Canyon  Test  Facility,  U.S.  Army  Electronic  Proving  Ground,  Fort 
Huachuca,  Arizona.  Figure  11  is  a drawing  of  the  actual  arrangement 
of  the  test  panel,  receiving  antenna,  and  transmitting  horn  used  in 
this  experiment.  After  several  unsatisfactory  series  of  measurements 
using  either  a wood  or  lucite  test  panel  holder,  a target  holder  con- 
sisting of  a styrofoam  block  with  a recess  cut  to  hold  the  test  panels 
was  selected  for  the  final  measurements. 


Figure  1 1 . Physical  arrangement  of  microwave  test  equipment 
and  test  plate  in  Fort  Huachuca  anechoic  chamber. 


Average  AdB  (difference  between  the  standard  uncoated  A1  plate 
and  ferrite/resin  coated  plates)  and  equivalent  percent  absorption  for  , 

the  various  test  panels  are  plotted  against  frequency  in  Figure  12. 

Also  plotted  on  the  figure  are  the  common  radar  bands  of  interest. 

All  the  microwave  measurements  were  repeatable  within  1.5  dB.  There 
is  significant  attentuation  of  the  microwave  signals  by  the  50-kg 
3/8"-thick  ferrite/resin  composite  in  two  regions:  about  5 dB  absorp- 
tion (68%)  in  the  3 to  4.5  GHz  region  and  over  6 dB  absorption  (75%)  I 

in  the  10  to  13  GHz  J-band  region.  There  also  seems  to  be  small  ab- 
sorptions at  about  7 and  8 GHz.  All  three  ferrite-treated  resins  show 
similar  effects,  the  3/8"-thick  composite  with  the  impure  50-kg  fer- 
rite exhibiting  the  most  pronounced.  However,  from  4 to  8 GHz  a small 
enhancement  in  attenuation  of  the  5-kg  (pure)  ferrite  over  the  50-kg 
(impure)  ferrite  did  seem  to  occur.  In  general,  there  was  a negligible 
dependence  of  absorption  on  the  purity  of  the  ferrite  powder,  suggest- 
ing that  the  Fe  content  of  the  sludge  could  be  significantly  reduced 

without  appreciably  affecting  the  radar  absorption  properties.  ; 
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Figure  12.  Graphical  results  of  microwave  absorption  tests  of  ferrite/resin  composites; 
difference  in  amplitude  from  Al  plate  (AdB)  plotted  against  frequency  (GHz). 

VIII.  SUMMARY  AND  CONCLUSIONS 

A comprehensive  study  has  been  carried  out  to  evaluate  the 
microwave  absorption  potential  of  a ferrite  sludge  derived  by  a copre- 
cipitation treatment  of  industrial  waste  water.  Full  characterization 
of  two  different  batches  of  sludge  showed  quite  different  chemistries, 
especially  in  the  amount  of  iron  content;  one  was  iron-rich,  the  other 
iron-poor,  differing  by  about  15%  to  16%  Fe.  The  iron-rich  ferrite 
was  determined  to  be  100%  ferrite  spinel,  whereas  the  iron-poor  ferrite 
was  only  60%  ferrite.  The  powders  have  an  extremely  fine  grain  size 
with  a surface  area  of  20  to  30  m2/g,  indicative  of  an  average  equiva- 
lent spherical  diameter  of  about  0.05  pm.  Careful  thermal  analysis 
and  sintering  studies  clearly  demonstrated  that  only  carefully  con- 
trolled atmospheres  can  be  used  to  sinter  the  ferrite  sludge  powder 
into  a mechanically  coherent  ferrite  ceramic.  The  major  problem  is 
the  oxidation  of  the  ferrite  to  the  nonmagnetic  a-Fe203  (hematite) 
phase  at  relatively  low  temperatures.  Because  of  these  constraints  a 
ferrite/resin  (EPON  828/ Z ) composite  system  was  selected  as  the  most 
appropriate  material  configuration  for  the  microwave  absorption 
evaluation  of  the  sludge.  Microwave  testing  of  four  test  panels  in 
the  Fort  Huachuca  anechoic  chamber  demonstrated  significant  attenuation 
of  the  microwave  signals  by  a 3/8"-thick  ferrite/resin  composite  in  two 
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regions:  3 to  4.5  GHz  (68%)  and  10  to  13  GHz  (75%).  There  seemed  to 
be  no  significant  difference  in  results  using  either  the  iron-rich  or 
iron-poor  ferrite  sludge  material,  showing  that  significantly  less  iron 
could  be  used  in  the  ferrite  coprecipitation  waste  water  treatment 
process. 


The  data  obtained  in  our  investigation  and  the  unconfirmed 
results  of  NEC  strongly  suggest  that  the  ferrite  sludge  concept  could 
prove  to  be  an  important  new  method  of  inexpensively  reducing  radar 
signatures,  by  either  a coating  technique  or  smoke  generation,  while 
stimulating  the  ecologically  important  purification  of  industrial 
waste  water.  Also  the  possibility  exists  that  the  fundamental  concept 
confirmed  in  this  program  could  be  further  optimized.  Moreover,  it  is 
our  conclusion  that  the  fabrication  of  massive  fully  sintered  radar- 
absorbing ceramic  ferrites  would  prove  prohibitively  expensive  and 
unjustifiable  from  a practical  point  of  view.  Instead,  the  organic- 
based  matrix  concept  seems  to  be  the  most  practical  and  feasible  at 
this  point,  as  well  as  the  use  of  the  ferrite  powder  in  camouflage 
smokes. 
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I.  INTRODUCTION 

High  performance  solid  propellant  fueled  rocket  motors  re- 
quire burning  rate  stabilizers  to  achieve  fast  burn  rates.  Presently, 
n-hexylcarborane  (NHC)  is  considered  to  be  one  of  the  most  suitable 
burning  rate  modifiers  for  solid  propellant  fuels.  Its  production  in- 
volves reacting  1-octyne  with  decaborane-14.  The  price  and  quantity 
limiting  factor  in  the  supply  of  NHC  is  the  lack  of  an  industrial  pro- 
cess for  synthesizing  large  quantities  of  decaborane  inexpensively. 

Thermal  (pyrolysis)  methods  of  influencing  chemical  process- 
es lead,  mainly,  to  the  excitation  of  all  degrees  of  freedom  of  the 
molecule.  Both  external  (translational)  and  internal  (electronic, 
vibrational,  and  rotational)  degrees  of  freedom  are  usually  in  thermo- 
dynamic equilibrium.  In  addition  to  there  being  an  unproductive  waste 
of  energy,  reactions  with  equilibrium  excited  molecules  characteris- 
tically proceed  in  the  direction  of  breaking  the  weakest  bond,  have  a 
considerable  percent  of  back  reaction,  many  side  reactions,  and  pro- 
du<  i polymers. 

A new  approach  to  the  problem  of  chemical  conversions  of 
substances  would  be  to  consider  the  possibility  of  influencing  not  a 
molecule  as  a whole,  but  its  individual  bonds.  Such  a method  of  se- 
lective excitation  can  be  realized  by  means  of  lasers  (1-5). 

The  recent  development  of  high-power  infrared  lasers  has 
promoted  a number  of  studies  dealing  with  the  interaction  of  this  in- 
tense radiation  with  organic  and  inorganic  substrates.  The  often 
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selective  character  of  the  excitation,  which  can  lead  to  isotope  en- 
richment (6),  and  other  unique  features  of  this  new  type  of  photo- 
chemistry (7,8)  have  already  been  recognized  and  are  attracting  con- 
siderable interest.  Earlier  research  in  this  laboratory  using  laser 
photochemistry  to  remove  the  trace  impurity  COCJI2  (phosgene)  from 
boron  trichloride,  BCJI3  photosentized  experiments,  etc.  (9)  encour- 
aged us  to  investigate  the  production  of  decaborane-14  from  diborane. 

Laser  augmented  chemistry  of  the  following  reaction  leading 
to  the  production  of  solid  decaborane-14  has  been  demonstrated: 

10  B2H6  + nhv  ► B1QH14  + 2 B^Hg  + 11  H2  , (1) 

where  hy  can  be  either  the  CO2  (00°1)  - (10°0),  R24,  (978  cm"^)  or 
the  DF  (1-0)  P-|2»  (2611  cm-1)  laser  frequency. 

II.  EXPERIMENTAL 

To  avoid  handling  and  storing  the  usual  large  (1  lb.)  com- 
mercial quantities  of  B2Hg  we  used  a 1%  gaseous  mixture  of  B2H§  in  Ar 
supplied  by  the  Linde  Corporation.  Immediately  prior  to  irradiation, 
the  B2Hfi  was  recovered  from  Ar  by  passing  the  mixture  into  a conden- 
ser cooled  to  - 186°C  by  an  external  bath  of  liquid  Ar.  A quantity 
of  B?Hfi  sufficient  for  several  irradiations  was  thus  collected  as  a 
solid  (F.  P.  = -1260C)  while  the  remaining  Ar  gas  was  pumped  out  of 
the  system.  Filling  of  cells  and  temporary  storage  of  collected  B2H6 
was  facilitated  by  transferring  the  B2H6  from  the  condenser  to  a cold 
storage  bulb  by  allowing  the  condenser  to  warm  up  to  ambient  tempera- 
ture. A cell  was  then  filled  by  connecting  it  through  a valve  and 
quick  disconnect  fitting  to  the  vacuum  system  and  adjusting  the  stor- 
age bulb  temperature  to  obtain  the  desired  cell  pressure.  Typically 
brass  or  stainless  steel  cells  10  cm  in  length  fitted  with  3 cm  diam- 
eter windows  of  NaCi,,  KCJt,  or  KBr  were  used.  The  infrared  spectrum 
(Figure  1)  of  the  diborane  did  not  reveal  the  presence  of  any  im- 
purities. 


CO?  laser  irradiation  was  accomplished  with  both  a CW  grat- 
ing tunable  laser  and  a pulsed  multigas  tunable  laser.  The  DF  laser 
Irradiation  was  accomplished  with  a 1 kW  pulsed  chemical  laser  by 
"Fresnelling  off"  10-20  Watts.  After  irradiation  for  a given  period 
of  time  and  at  varying  powers  the  spectra  of  static  products  were  ob- 
tained using  both  a Beckman  IR5  spectrometer  and  a DIGILAB  FTS-20B 
Fast  Fourier  Transform  Spectrometer. 
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Figure  1.  I R SPECTRUM  OF  GASEOUS  B2H6 


VIBRATIONAL  BANOS  RESONANT  WITH 


A:  C02  LASER 
B:  OF  LASER 

C:  HF  LASER 


III.  RESULTS 


Low  Power  C0„ 

oT&'r5, — 2' 


-10?  4 


Irradiation  of  B>,H^  Resulting  in  the  Formation 


During  Irradiations  with  a CW  CO2  laser  operating  at  wave- 
lengths In  the  975  cm"'  band  of  B2H6»  Figure  2,  we  observed  that  white 
crystals  formed  along  the  gas  cell  walls  when  the  power  density  of  the 
laser  did  not  exceed  a constant  threshold  of  10  W/cm2.  Figure  3 is  a 
photograph  of  crystals  formed  during  a 30  minute  irradiation  of  400 
Torr  of  B2H6  with  the  R24  laser  line,  which  represents  the  optimum, 
conditions  found  within  the  range  of  10  to  800  Torr  pressure  of  B2H6 
at  the  attainable  wavelengths  indicated  in  Figure  2. 
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Flqure  2.  The  (975  cm’1)  Fundamental  Vibrational  Band  of 
BgHg  Showing  the  Region  Irradiated  with  the  ( P28”P4 ^ 
and  (R4-R20)  Llnes  of  the  C02  Laser. 


In  addition  to  white  crystals  the  IR  spectrum  taken  after 
Irradiation,  Figure  4 showed  the  presence  of  B,-Hq  with  characteris- 
tic absorption  peaks  at  900,  1040,  1120,  1400,  lb20,  and  1800  cm"'. 


Prior  to  analysis,  the  crystals  were  removed  from  the  cell 
by  dissolving  in  MCH  (methyl cyclohexane)  and  later  recrystalized  in 
a controlled  atmosphere  dry  box.  Typically,  10  mg  quantities  were 
recovered  after  a 30  minute  irradiation.  A melting  point  determi- 
nation revealed  the  crystals  melt  at  96°C.  This  together  with  the 
IR  spectrum  of  the  material  in  a NUJ0L  mull  (Figure  5)  showed  the 
crystals  to  be  pure  B^oH14* 
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Figure  3.  B i i 4 Crystals  Formed  when  400  Torr  of  B£Hg  was 
Irradiated  with  the  975  cm-1  Frequency  of  a 10  W COg  Laser. 


Characteristic  B1QH^4  absorption  peaks  occur  at  1950,  1900, 

1520,  1020,  and  720  cm'1  as  shown  in  an  absorption  spectrum  of  com- 
mercial B1QH14  in  NUJ0L  mull.  Figure  6.  The  characteristic  BH 

stretching  band  is  at  2600  cm'1. 

High  Power  CO,,  CM  Irradiations  of  B^Hg  Resulting  in  the 
Formation  of  Polymers 

When  the  power  density  of  incident  laser  radiation  exceed- 
ed 10  W/cm2,  yellow  or  white  colored  particulates  were  formed  immedi- 
ately upon  exposure  of  B£Hg  to  the  radiation.  Melting  point  determi- 
nation showed  the  M.P.  to  exceed  300°C  and  the  powder  thus  formed  was 
insol uable  in  pentane  and  CC&4. 
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IWJ  T8KF 


1000  cm-1 


Figure  4 
From  C02 


IR  Spectrum  of  the  BgHg  Product 
Laser  Irradiated  B2Hg. 
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Figure  5.  NUJOL  Mull  Spectrum  of  the  Crystalline 
White  Solid  Produced. 
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Infrared  spectra  of  the  powder  in  KBr  pellet  gave  broad 
band  peaks  at  3225,  2525,  1450,  1200  and  875  cnr^.  The  mineral  oil 
bands  were  observed  at  3210,  2540,  1620,  1490,  1410,  1200,  830,  660, 
and  550  crtH  , (Figure  7). 

A further  increase  in  intensity  reaches  a threshold  where  a 
yellow-white  smoke  appears  at  the  entrance  window  and  immediately  in- 
side it,  and  a yellow-white  powder  is  deposited  on  the  walls  and 
throughout  the  cell.  The  intensity  of  the  threshold  for  the  produc- 
tion of  this  yellow-white  powder  is  just  above  the  intensity  for  the 
most  efficient  production  of  the  decaborane  crystals  without  the  pow- 
der. It  should  be  noted  that  the  decaborane  crystals  are  also  pro- 
duced when  the  pcwder  is  produced,  but  they  are  contaminated  with  the 
powder. 

The  thresholds  for  the  production  of  decaborane  and  the  pow- 
der were  measured  as  a function  of  frequency.  Measurements  from  the 
P20  and  P40  to  the  R34  showed  very  little  variation  of  these  thres- 
holds with  frequency. 


Figure  7.  Spectrum  of  the  Polymer  Formed  Dissolved  in  Mineral  Oil. 
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DF  Laser  Irradiations  of  B„H 
20-10^4 


Resulting  in  the  Formation 


When  B2HK  (10  Torr  in  a 10  cm  by  3 cm  gas  cell)  was  irradi- 
ated with  the  Pi 2 0-0  band)  DF  laser  frequency  (2614  cm-1),  clear 
crystals  were  deposited  on  the  cell  walls.  The  power  diverted  into 
the  cell  from  the  one  kW  laser  beam  was  13  Watts.  The  DF  laser  was 
a large  pulsed  (13  second  duration)  chemical  laser  and  the  target 
(cell)  was  placed  some  100  yards  from  the  laser.  The  laser  beam  en- 
tering the  cell  was  a collimated  beam  one  inch  in  diameter  so  that 
most  of  the  volume  of  the  cell  was  illuminated.  The  temperature  rise 
of  the  cell  wall  was  negligible  (less  than  5°C). 


The  spectrum  of  the  cell  contents  revealed  that  the  pro- 
ducts observed  were  B5H9  (gas)  and  B -j qh  1 4 (solid)  (Figures  8 and  9). 


LOW  RESOLUTION  IR  SPECTRUM  OF  THE  Bg  Hg  PRODUCT  FROM  DF  LASER  IRRADIATED  BjHg 

Figure  8 
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LOW  RESOLUTION  NUJOL  MULL  SPECTRUM  OF  PRODUCT  FROM  OF  LASER  IRRADIATED  82H6 

Figure  9 


The  production  of  decaborane-14  from  diborane  by  laser  in- 
duced chemistry  (LIC)  (Equation  1)  represents  the  first  reported  ex- 
ample of  the  synthesis  of  a large  polyatomic  molecule  by  LIC.  We 
were  unable  to  produce  any  decabo*'ane-14  efficiently  and  of  high  puri- 
ty using  pulsed  COg  laser  excitation. 

IV.  DISCUSSION 

From  infrared  and  electron-diffraction  evidence,  diborane  is 
known  to  have  the  bridge  structure  (10,  11)  belonging  to  the  point 
group  D2h»  with  a four  membered  B2H2  ring  in  a plane  perpendicular  to 
the  four  terminal  hydrogen  atoms.  The  two  fundamental  vibrational 
frequencies  that  are  resonant  with  the  CO2  and  DF  lasers  are  shown 
schematically  along  with  their  assignments  and  measured  line  positions 
in  Figure  10. 

The  infrared  spectrum  of  diborane.  Figure  1 , shows  the  vi- 
brational bands  that  are  resonant  with  the  CO2,  DF  and  HF  laser  fre- 
quencies. We  have  demonstrated  the  production  of  decaborane-14  using 
both  the  CO?  and  DF  laser  frequencies.  Diborane  is  mildly  endotherm- 
ic and  the  bridge  bonds'  force  constant  is  about  one-half  as  large  as 
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SCHEMATIC  OF  THE  FUNDAMENTAL  VIBRATION  MODES  OF  B2  Hfi 
THAT  ARE  RESONANT  WITH  THE  DF  AND  COz  LASER  FREQUENCIES. 

Figure  10 
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that  of  the  terminal  hydrogen  bonds.  Yet  there  is  substantial  evi- 
dence that  the  initial  reaction  with  diborane  may  be  the  breaking  of 
the  B-H  (terminal  hydrogen)  bond. 

The  mercury-photosentized  decomposition  of  diborane  has  been 
explained  by  postulating  B2H5  as  the  primary  intermediate,  B-H  rup- 
tures being  common  in  this  type  reaction  (12).  In  isotope  exchange 
studies,  particularly  deuterium,  it  is  always  the  terminal  hydrogen 
that  is  exchanged  and  not  the  bridged  hydrogens.  This  is  especially 
true  for  the  higher  boranes. 

Many  thermal  studies  have  been  conducted  on  diborane  (13,14). 
The  primary  intermediate  BH3  has  been  postulated  in  these  studies  to 
account  for  BsHn  and  other  boranes  containing  odd  numbered  boron 
atoms,  and  the  dependency  of  the  rate  of  product  formation  common  to 
these  reactions  being  of  a one-half  or  three-halves  power  of  the 
diborane  concentration.  However,  no  direct  observance  has  yet  been 
reported  for  BH3.  Another  postulated  mechanism  is  the  molecular  H2 
elimination  from  B2H6  as  the  primary  photodissociation  step  giving 
B2H4  + H2.  Evidence  for  this  consists  of  the  large  formation  rate  of 
H2  (greater  than  the  B2H5  formation  rate)  when  low  pressures  of  B2H6 
are  pyrolyzed  in  a hot-cold  reactor  (the  inner  cylindrical  surface  is 
100OC  while  the  outer  surface  is  maintained  at  a much  colder  tempera- 
ture), 90%  of  the  product  is  observed  to  be  B4H10  (B2H6  + B2H4). 

Considering  the  above  the  following  reactions  are  reasonable: 


B2H6  - 

hv 

. 2BH3 

(2) 

B2H6  ' 

hv 

- B2H5  + H 

(3) 

B2H6  “ 

hv 

- b2h4  + h2 

(4) 

B2H4  + B2H6 

— B4H10 

(5) 

2 B2H5 

' B4H10 

(6) 

2 B4H10 

’ B8H12  + 4 H2 

(7) 
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8H12  + B2H6 

— B10H14  + 2 H2 

(8) 

4H10  +BH3  ' 

B5H9  + 2 H2  . 

(9) 

V.  CONCLUSIONS 

Pure  B-|qHi4  can  be  produced  in  high  yields  at  room  tempera- 
ture by  laser  induced  chemistry  (LIC).  No  polymer  (which  is  always 
present  in  pyrolysis)  was  observed  when  we  maintained  the  laser  power 
below  a certain  threshold  (10  W/cm2  for  the  CO2  laser).  Also,  the 
B5Hn  product  is  always  present  in  pyrolysis;  yet  we  never  observed 
this  product  in  LIC  synthesis. 

This  research  demonstrates  that  LIC  is  a new  viable  area  of 
chemistry  that  can  be  used  for  cost-effective  synthesis  of  large  poly- 
atomic molecules  as  well  as  smaller  ones.  Also,  it  demonstrates  that 
LIC  can  be  used  in  a prominent  role  for  the  synthesis  of  high  energy 
binder  molecules,  burning  rate  modifiers  and  fuel  additives  with  a 
substantial  cost-savings  (15). 
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METHOD  TO  EXPERIMENTALLY  DETERMINE  THE  AERODYNAMIC  PRESSURE 
DISTRIBUTION  ON  SPINNING  BODIES 

Miles  C.  Miller 
Weapon  Systems  Concepts  Team 
US  Army  Armament  Research  and  Development  Command 
Aberdeen  Proving  Ground,  Maryland  21010 

PREFACE 

This  study  was  supported  by  combined  funding  from  DARCOM  Ballistic 
Technology  and  ARRADCOM  Chemical  Systems  Laboratory  ILIR  programs.  The 
work  was  conducted  between  October  1974  and  October  1977. 

INTRODUCTION 

Many  Army  weapon  systems  involve  spinning  aerodynamic  bodies  such  as 
artillery  shells,  guided  missiles,  and  Magnus  rotor  submunitions.  The 
source  of  numerous  flight  instability  problems  has  been  related  to  the 
effect  of  body  spin  on  the  aerodynamic  surface  pressures.  Although  wind 
tunnel  testing  is  the  major  means  for  determining  the  aerodynamic  char- 
acteristics of  these  configurations,  measurement  of  the  surface  pressures 
has  been  limited  to  non-spinning  models.  This  paper  describes  a new  and 
unique  method  to  experimentally  measure  the  aerodynamic  pressure  distri- 
bution on  the  surface  of  spinning  wind  tunnel  models  incorporating  a 
special  instrumentation  scheme.  A pressure  tap  located  in  the  non- 
spinning inner  portion  of  the  wind  tunnel  model  detects  the  surface  pres- 
sure through  a series  of  vent  holes  in  the  spinning  outer  portion  of  the 
model,  the  pressure  being  retained  for  measurement  by  means  of  a sliding 
seal  arrangement.  The  feasibility  of  the  method  was  thoroughly  demonstra- 
ted by  means  of  wind  tunnel  tests  of  fundamental  model  configurations. 

The  test  program  was  conducted  in  two  phases.  First,  the  test  method 
measured  the  surface  pressure  distribution  acting  on  a spinning  smooth 
surfaced  cylinder  in  crossflow  in  the  critical  Reynolds  number  regime. 

This  proved  the  method's  capability  to  measure  a steady  state  flow  condi- 
tion under  various  spin  rate  and  free  stream  velocity  conditions.  The 
second  phase  involved  surface  pressure  measurements  on  a spinning  Magnus 
rotor.  This  extended  the  capability  of  the  testing  method  to  bodies 
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having  irregular  surface  features  and  an  unsteady,  periodic  flow  field 
as  compared  to  the  smooth  surfaced  cylinder.  Aerodynamic  forces  and  flow 
field  observations  obtained  by  conventional  testing  techniques  confirmed 
the  validity  of  this  unusual  method  for  determining  the  pressure  distri- 
bution on  spinning  bodies. 


SYMBOLS 

b span  of  model;  b = 8.482  in 
CD  drag  coefficient  (D/q^S) 
lift  coefficient  (L/q^S) 

Cp  pressure  coefficient  (AP/qOT) 

D drag  force  * 

d diameter  of  model;  d = 5.171  in 

L lift  force 

P pressure  on  surface  of  model 

Pn  free  stream  static  pressure 

q^  dynamic  pressure  (P00v002/2) 

R,  Reynolds  number  (V  d/v) 

S reference  area  (bd) ; S = .3046  ft2 

, * 

t time  (t  = 0 when  outer  flat  surface  of  upper  driving  vane  is 
parallel  to  free  stream  velocity) 

V free  stream  velocity 

AP  surface  pressure  referred  to  free  stream  static  pressure  (P  - P ) 
a angle  of  attack 

air  density 

V kinematic  viscosity 

0 circumf erencial  location  on  model  at  which  pressure  is  being  meas- 

ured (angle  between  radial  direction  of  pressure  tap  and  free 
stream  velocity) 

4*  model  rotational  attitude  (angle  between  flat  external  surface  of 
upper  driving  vane  and  free  stream  velocity) 

51  revolutions  of  model  from  t = 0 condition 

a)  spin  rate 

0 tip  speed  ratio  (wd/ZV^) 
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BACKGROUND 

A non-spinning  body  travelling  through  air  causes  changes  in  the  local 
air  flow  direction  and  velocity,  producing  an  aerodynamic  pressure  dis- 
tribution over  the  external  surface  of  the  body.  This  surface  pressure 
results  in  net  aerodynamic  forces  which  influence  the  flight  motion  and 
trajectory  of  the  body  and  represents  the  important  middle  stage  between 
the  flow  field  and  the  resultant  aerodynamic  forces  as  illustrated  in 
Figure  1. 

In  similar  manner,  a spinning  projectile  also  creates  aerodynamic  sur- 
face pressures  which  have  led  to  the  so-called  Magnus  effect.  This  aero- 
dynamic phenomenon,  due  to  the  combination  of  body  spin  and  attitude, 
produces  forces  and  associated  moments  which  have  resulted  in  flight  in- 
stability problems  for  several  military  projectiles  (Ref  1).  An  under- 
standing of  the  surface  pressure  distribution  on  spinning  bodies  could 
lead  to  identif i^atioi^^f  the  source  of  the  Magnus  effect  and  body  con- 
figurational modifications  for  its  elimination. 

' * 

Numerous  unsuccessful  attempts  have  been  made  to  measure  these  Magnus 
associated  pressures  i*  wind-tunnel  tests  utilizing  a variety  of  techniques 
and  instrumentation.  The  results  described  in  this  paper  represent  the 
first  time  that  the  aerodynamic  surface  pressure  distribution  on  a spinning 
body  has  been  obtained  experimentally  and  validated  by  comparison  with 
direct  force  measurements. 

GENERAL  APPROACHr 

<•  The  testing  method  evolved  in  this  study  is  based  on  a unique  model 

design  and  instrumentation  arrangement.  The  model  is  composed  of  two 
parts:  a non-spinning  inner  portion  containing  the  pressure  measuring 
instrumentation  and  a spinning  outer  portion  representing  the  external 
aerodynamic  surface  of  the  body  being  evaluated.  Figure  2 contains  a 
schematic  drawing  of  a cross-sectional  view  of  the  wind  tunnel  model  look- 
ing along  the  longitudinal  axis  (i.e.,  spin  axis)  and  illustrates  the  key 
elements  of  the  test  methodology.  The  stationary  (i.e.,  non-spinning) 
model  core  contains  a pressure  tap  oriented  radially  outward  at  an  angle 
(0)  to  the  direction  of  the  free  stream  velocity.  The  angle  (0)  defines 
the  circumferential  location  on  the  surface  of  the  model  at  which  the 
pressure  is  being  measured.  A thin  walled,  cylindrical  shell  is  located 
concentrically  around  the  core  and  is  attached  to  the  core  by  means  of 
bearings  located  at  each  end.  The  shell  is  free  to  rotate  or  spin  about 
the  core  and  represents  the  external  surface  of  the  spinning  model  body. 

A small  vent  hole  is  located  through  the  shell,  such  that  it  will  line  up 
with  the  face  of  the  pressure  tap  once  every  revolution  of  the  shell  about 
the  core.  The  gap  between  the  face  of  the  pressure  tap  and  the  inner  sur- 
face of  the  shell  is  isolated  ( i . e. , longitudinally  and  circumferentially) 
by  means  of  a sliding  seal  attached  to  the  outer  end  of  the  pressure  tap. 
The  cavity  created  within  this  seal  will  be  open  to  the  pressure  acting 
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on  the  outside  surface  of  the  shell  when  the  vent  hole  is  aligned  with 
the  tap.  When  the  vent  hole  rotates  past  the  aligned  position,  the  seal 
will  cause  the  cavity  to  retain  this  pressure.  Since  the  vent  hole  will 
be  aligned  with  the  cavity  for  a short  time  during  each  revolution, 
several  revolutions  of  the  spinning  shell  are  required  to  have  the  pres- 
sure in  the  cavity  reach  a constant  value  equal  to  that  acting  on  the 
surface  of  the  shell.  Tubing  from  the  tap  is  routed  through  the  model 
core  to  a pressure  transducer  and  associated  instrumentation  located 
outside  of  the  tunnel.  Pressure  measurements  at  various  circumferential 
locations  on  the  surface  of  the  spinning  body  can  be  obtained  by  position 
ing  the  core  and  the  attached  tap  at  different  attitudes  (0)  to  the  air 
flow. 


. MODEL  DESCRIPTION 

Details  of  the  smooth  cylinder  wind  tunnel  model  are  shown  in  Figure 
3.  Circular  end  plates  were  located  at  each  end  of  the  cylinder  to  reduc 
tip  flow  effects.  All  of  the  pressure  measuring  elements  in  the  model 
were  contained  within  a radial  hole  located  at  the  core  midspan.  Refer- 
ences 2 and  3 describe  the  engineering  design  details  associated  with  the 
model.  The  rubber  "o"  ring  represents  the  most  important  element  of  the 
system  in  that  it  established  the  seal  between  the  pressure  tap  cavity 
and  the  rotating  cylindrical  shell.  Small  coil  springs  pressed  the  "o" 
ring  against  the  inner  surface  of  the  shell  to  affect  a tight  seal.  An 
internal  mechanism  continuously  deposited  silicone  grease  onto  the  inner 
shell  surface,  for  sealing  and  lubrication., 

TEST  ARRANGEMENT  AND  INSTRUMENTATION 

The  wind  tunnel  tests  were  conducted  in  the  ARRADCOM  Weapon  Systems 
Concepts  Team  28  x 40  inch  open  circuit,  continuous  flow  subsonic  wind 
tunnel.  Figure  4 shows  the  model  installed  in  the  tunnel  test  section. 

A schematic  of  the  instrumentation  arrangement  used  in  the  wind  tunnel 
tests  is  included  in  Figure  5.  The  model  was  mounted  in  the  tunnel  such 
that  the  longitudinal  (i.e.,  spin  axis)  was  in  a vertical  attitude  and 
normal  to  the  free  stream  velocity.  Model  spin  was  achieved  by  means  of 
an  electric  motor  mounted  on  top  of  the  wind  tunnel  with  a drive  shaft 
extending  to  the  top  of  the  model.  Model  spin  rate  was  indicated  by  a 
magnetic  tachometer.  The  model  core  support  strut  was  mounted  to  the 
tunnel  turntable  which  could  be  rotated  through  360  degrees,  allowing  the 
pressure  tap  to  be  set  at  any  angle  to  the  flow.  The  pressure  in  the 
cavity  was  transmitted  by  plastic  tubing  routed  down  the  support  strut 
to  a transducer  located  outside  the  tunnel.  The  reference  free  stream 
static  pressure  was  obtained  by  a static  pressure  probe  in  the  tunnel 
test  section.  Both  transducer  and  tachometer  outputs  were  indicated  as 
a function  of  time  on  a strip  chart  recorder. 
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TEST  PROCEDURE  AND  DATA  REDUCTION 

The  test  procedure  was  to  establish  the  desired  air  flow  velocity  in 
the  tunnel  test  section  and  then  use  the  spin  motor  to  bring  the  model 
shell  to  the  test  spin  rate  value.  Approximately  30  seconds  were  required 
for  the  pressure  reading  to  equilibrate  and  be  recorded.  The  core  was 
then  rotated  to  the  next  angular  position  while  the  model  was  spinning, 
this  sequence  being  repeated  at  10  degree  increments  around  the  entire 
circumference  of  the  model  surface.  The  pressure  measurements  were  re- 
duced to  coefficient  form  and  presented  graphically.  Data  reduction 
techniques  and  associated  equations  are  fully  described  in  Reference  2. 

The  pressure  distribution  was  integrated  over  the  surface  of  the  model 
to  obtain  the  resultant  lift  and  drag  coefficients  as  defined  in  Figure  6. 

* SMOOTH  CYLINDER  TEST  RESULTS 

Pressure  distributions  were  obtained  on  the  smooth  cylinder  model  at 
various  spin  rates  for  three  different  tunnel  velocities  corresponding  to 
subcritical,  critical,  and  supercritical  Reynolds  numbers.  The  drag 
coefficient  of  the  non-spinning  cylinder  in  cross  flow  undergoes  an  abrupt 
change  between  a Reynolds  number  of  300,000  to  500,000,  referred  to  as 
the  critical  Reynolds  number  regime.  Figure  7 shows  the  drag  coefficients 
as  a function  of  free  stream  velocity  for  the  non-spinning  cylinder  with 
end  plates  used  in  these  tests.  Note  that  the  critical  Reynolds  number 
occurs  at  a tunnel  velocity  of  90  mph.  Test  velocities  of  60  mph  and 
120  mph  were  selected  as  representative  subcritical  and  supercritical 
test  conditions,  respectively?  r 

Figure  8 contains  a summary  of  the  pressure  distributions  obtained  dur- 
ing these  tests.  Note  that  at  certain  spin  rates,  the  net  lift  force  has 
an  upward  (positive)  directional  sense.  For  other  spin  and  velocity 
conditions  it  is  directed  downward  (negative).  These  pressure  profiles 
provide  a quantitative  measure  of  the  Magnus  force  and  allow  interpreta- 
tion of  boundary  layer  and  flow  separation  effects.  A detailed  analysis 
of  the  pressure  data  obtained  in  this  study  can  be  found  in  Reference  2. 
The  relation  between  the  boundary  layer,  tip  speed  ratio,  and  Reynolds 
number  on  the  resultant  aerodynamic  forces  acting  on  a spinning  cylinder 
under  these  flow  conditions  have  been  described  qualitatively  by  other 
investigators  (Ref  A).  However,  the  data  in  Figure  8 is  the  first  time 
that  surface  pressure  distribution  verification  of  these  effects  have 
been  experimentally  obtained. 

A separate  series  of  wind  tunnel  tests  were  conducted  where  the  lift 
and  drag  forces  acting  on  the  model  were  measured  directly  by  a force 
balance  apparatus.  These  tests  involved  the  same  model  and  tunnel  facil- 
ity as  the  pressure  measurement  tests.  Force  coefficient  values  obtained 
by  integrating  the  measured  pressure  profile  data  are  shown  in  Figure  9. 
The  close  correlation  between  the  conventionally  obtained  force  data  and 
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the  integrated  pressure  measurements  from  this  new  testing  method  valid- 
ates the  pressure  measurement  method  for  this  smooth  model,  steady  flow 
situation.  Further,  the  primary  benefit  of  this  method  is  the  detailed 
insight  into  the  source  of  the  resultant  forces  provided  by  the  pressure 
distribution  data. 


MAGNUS  ROTOR  TESTS 

A Magnus  rotor  is  an  asymmetrically  shaped  body  that,  when  placed  in  ' 

an  air  stream,  will  autorotorate  or  spin,  producing  large  aerodynamic  lift 
and  drag  forces.  The  Magnus  rotor  represents  an  aerodynamic  configuration 
with  an  irregular  external  surface  as  opposed  to  the  smooth  surfaced 
cylinder  previously  tested.  Also,  unlike  the  steady  flow  field  of  the 

smooth  cylinder,  the  Magnus  rotor  generates  an  unsteady,  periodic  flow  , 

field.  The  modeT  used  in  the  previous  tests  was  modified  to  a cylindrical 
Magnus  rotor  configuration  by  the  simple  addition  of  the  four  full  span 
driving  vanes  and  additional  vent  holes.  This  configuration  is  represent- 
ative of  Magnus  rotors  and  their  aerodynamic  characteristics.  , 

Figure  10  contains  a cross-section  view  looking  along  the  longitudinal 
axis  of  the  Magnus  rotor  wind  tunnel  model.  Because  of  the  irregular  ex- 
ternal features,  the  surface  pressure  was  measured  at  nine  specific 
locations  relative  to  the  external  features.  Due  to  the  90  degree  rota- 
tional symmetry,  the  model  only  required  vent  holes  over  a single  quadrant. 

Vent  holes  8,  7,  6,  5,  and  1 extended  radially  through  the  shell  thickness 
of  .125  inches.  Vent  holes  5,  4,  3,  and  2 had  to  pass  through  the  thick- 
ness of  the  driving  vane  resutting  in  a longer  vent  hole  path,  the  longest 
being  vent  hole  5 with  a total  length  of  .625  inch.  This  relatively  long 
length  did  not  interfere  with  the  ability  to  accurately  acquire  the  sur- 
face pressure.  ; 

The  wind  tunnel  facility,  model  mounting,  and  instrumentation  arrange- 
ment were  identical  to  that  used  with  the  smooth  cylinder.  The  model  was 
spun  by  means  of  the  spin  motor  to  2050  RPM  providing  the  desired  0.46 
steady  state  tip  speed  ratio  for  the  tunnel  velocity  of  100.5  FPS.  Only 

one  vent  hole  at  a time  was  open  for  a specific  test,  the  others  being  « j 

closed  off.  The  testing  procedure  was  similar  to  that  of  the  smooth 
cylinder,  with  pressure  data  being  obtained  at  10  degree  increments  over 
the  entire  circumference  of  the  model  surface. 

Figure  11  contains  selected  examples  of  pressure  data  for  three  of  the 
vent  hole  locations.  These  data  indicate  the  pressure  acting  at  that  par- 
ticular location  on  the  surface  of  the  model  over  a complete  360  degree 
rotation  relative  to  the  free  stream  direction.  Similar  plots  were 
obtained  for  all  vent  hole  locations.  At  a specific  rotational  attitude 
of  the  spinning  model  a particular  vent  hole  location  occurs  at  four 
different  circumferential  positions  relative  to  the  free  stream  vector  as 
shown  in  Figure  12.  Using  data  for  all  the  vent  holes,  the  complete  sur- 
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face  pressure  distribution  acting  over  the  spinning  Magnus  rotor  can  be 
determined.  Figure  13  shows  the  pressure  distribution  acting  on  the 
spinning  Magnus  rotor  model  over  a quarter  revolution  at  11.25  degree 
increments.  Note  that  for  the  2050  RPM  spin  rate  of  the  model,  this 
corresponds  to  the  pressure  distribution  at  0.9  milli-second  intervals. 
This  cycle  is  repeated  four  times  during  a complete  360  degree  revolution. 
Once  the  basic  data  plots  are  obtained,  pressure  distributions  can  be 
determined  over  any  time  increment. 

The  resultant  lift  and  drag  coefficient  were  computed  by  integrating 
the  pressure  distribution  over  the  model  surface.  These  values  are  shown 
in  Figure  13  and  are  presented  as  a function  of  model  rotational  attitude 
and  time  in  Figure  1A.  Although  the  cyclic  nature  of  the  lift  and  drag  of 
a Magnus  rotor  had  been  considered,  this  represents  the  first  time  that 
quantitative  data  have  been  obtained.  Note  that  both  the  lift  and  drag 
are  sinusoidal  and  out  of  phase.  Because  of  the  high  rotational  spin 
rates  of  Magnus  rotors  and  the  limited  response  of  wind  tunnel  balance 
systems  only  the  average  aerodynamic  forces  can  be  measured  in  force  type 
wind  tunnel  tests.  The  values  for  both  the  lift  and  drag  derived  from  the 
pressure  data  show  good  correlation  with  the  average  values  directly 
measured  during  separate  force  wind  tunnel  tests  as  also  shown  in  Figure 
1A.  The  integrated  pressure  data,  however,  provide  a more  detailed  in- 
sight into  this  cyclic  aerodynamic  effect.  Complete  details  of  the 
Magnus  rotor  tests  are  contained  in  Reference  5. 

Flow  visualization  tests  were  conducted  with  the  cylindrical  Magnus 
rotor  using  a special  smoke  fTow  wind  tunnel  facility.  High  speed  film 
records  obtained  from  these  tests  were  used  to  construct  line  drawings 
of  the  flow  field  streamlines  for  selected  model  rotational  attitudes. 
Figure  15  shows  these  streamlines  superimposed  on  the  pressure  distri- 
bution measured  for  the  same  conditions,  providing  a complete  physical 
picture  of  the  flow  field,  aerodynamic  surface  pressure  distribution,  and 
resultant  aerodynamic  forces  for  the  spinning  Magnus  rotor  at  sequential 
instants  of  time.  The  unsteady,  separated  flow  and  in  particular,  the 
strong  vortex  shed  off  the  retreating  (upper)  driving  vane  are  graphically 
depicted.  Note  that  this  vortex  produces  a high  velocity  flow  and 
corresponding  low  pressure  over  the  forward  portion  of  the  vane.  This 
figure  illustrates  the  powerful  tool  provided  by  the  pressure  distribution 
toward  interpreting  and  analyzing  aerodynamic  phenomenon  on  spinning 
configurations. 

The  flow  over  the  Magnus  rotor  although  unsteady,  is  periodic  with 
model  rotation.  It  is  this  latter  factor  that  allows  this  pressure 
measuring  method,  which  uses  steady  state  instrumentation,  to  measure  an 
unsteady  flow  condition.  This  same  situation  occurs  in  most  non-transient 
flow  fields  around  spinning  bodies,  thereby  allowing  this  testing  method 
to  be  used  to  investigate  a variety  of  aerodynamic  problems. 
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FUTURE  APPLICATIONS 

The  spinning  body  in  cross  flow  represents  an  especially  demanding  con- 
dition for  demonstrating  the  pressure  measuring  capabilities  of  this  test 
method  due  to  the  severe  influence  of  Reynolds  number  and  model  spin 
effects  in  the  case  of  the  smooth  cylinder  and  the  unsteady  vortex  flow 
for  the  Magnus  rotor.  The  successful  results  indicate  that  the  test 
method  can  be  applied  to  a variety  of  model  configurations  and  model 
orientations  to  the  air  flow  (i.e.,  angles  of  attack).  Because  all  of 
the  instrumentation  elements  are  internal  to  the  model,  the  method  could 
also  be  used  in  any  Mach  number  regime  including  subsonic,  transonic,  and 
supersonic . 

As  the  previous  tests  with  the  smooth  cylinder  will  allow  extension  of 
the  testing  method  to  a variety  of  spinning  models  having  smooth  external 
shapes,  so  the  Magnus  rotor  tests  allow  the  method  to  be  used  with  spin- 
ning models  having  irregular  surface  features  as  illustrated  in  Figure  16. 
Multiple  pressure  taps  could  be  incorporated  into  a wind  tunnel  model  at 
several  locations  along  its  length  to  provide  the  pressure  distribution 
acting  over  the  entire  model  surface.  The  most  important  features  of  this 
testing  method  are  summarized  as  follows: 

.All  elements  of  instrumentation  located  within  model  or  outside  tunnel 
test  section 

.No  inertial  or  dynamic  loads  acting  on  transducer 

.Direct  connection  between  pressure  tap  in  model  and  instrumentation 
outside  tunnel  * 

.Constant  pressure  reading  does  not  require  high  response  transducer 

.Rapid  pressure  surveys  possible 

.Applicable  to  any  model  orientation  to  free  stream 

.Can  be  used  in  any  speed  regime  (subsonic,  transonic,  and  supersonic) 

.Will  function  with  models  having  irregular  external  surface  features 

.Can  be  used  with  both  steady  flow  or  unsteady,  periodic  flow  situations 

CONCLUSIONS 

1.  This  study  has  demonstrated  the  validity  of  a new  testing  method  by 
which  the  aerodynamic  pressure  distribution  acting  on  the  surface  of  a 
spinning  body  can  be  measured  in  the  wind  tunnel. 

2.  Integration  of  the  resulting  pressure  distribution  data  not  only 
provides  a quantitative  measure  of  the  Magnus  forces  but  the  pressure 
distribution  provides  a unique  insight  into  the  critical  middle  stage 
between  the  flow  field  and  the  resulting  aerodynamic  forces  allowing  a 
more  accurate  interpretation  of  boundary  layer  and  flow  separation  effects. 
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3.  The  test  method  can  be  utilized  in  both  steady  flow  and  unsteady 
periodic  flow  situations  and  is  applicable  to  a variety  of  model  external 
configurations,  angles  of  attack,  spin  rates,  and  Mach  number  regimes. 
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Figure  3.  WIND  TUNNEL  MODEL  DETAILS 
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Figure  4.  MODEL  MOUNTED  IN 
WIND  TUNNEL 


Figure  5.  INSTRUMENTATION  ARRANGEMENT 


Figure  6.  DATA  SYMBOLS 
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Figure  7.  DRAG  COEFFICIENT  FOR  NON- 
SPINNING SMOOTH  CYLINDER 
MODEL  IN  CROSS  FLOW 
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Figure  8.  SURFACE  PRESSURE  DISTRIBUTIONS  ON  SPINNING  SMOOTH  CYLINDER  IN  CROSS  FLOW  FOR 

WADIHIIC  CDCC  CTDCAA/1  t/r.  ~ v-nwoo  r LUVV  run 


MILLER 


Figure  10.  MAGNUS  ROTOR  MODEL  CONFIGURATION  Figure  12.  PRESSURE  DETERMINATION 
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Figure  13.  SURFACE  PRESSURE  DISTRIBUTION  ON  SPINNING  MAGNUS  ROTOR  IN  CROSS  FLOW  AT 
SPECIFIC  TIME  INTERVALS 
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Figure  14.  LIFT  AND  DRAG  COEFFICIENT  AS 
A FUNCTION  OF  TIME  FOR 
SPINNING  MAGNUS  ROTOR 


Figure  15.  FLOW  FIELD.  SURFACE 

PRESSURE  DISTRIBUTION, 
AND  RESULTANT 
AERODYNAMIC  FORCES 
ON  SPINNING  MAGNUS 
ROTOR  AT  VARIOUS 
ROTATIONAL  ATTITUDES 
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Figure  16.  FUTURE  APPLICATIONS  FOR 
SURFACE  PRESSURE  TESTING 
METHOD 


